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SECTION I 

S~Y 

The goal of the ERDA/JPL LSSA program of $0.50/W selling price for array 

modules in 1986 turns out to have been remarkably appropriate. We have com­

pleted an extensive ~nd detailed analysis of technologies which could be re­

lated to array module manufacturing and found a minimum manufacturing cost in 

a highly automated line of $0.30/W assuming the silicon is free. The panels 

are of a double glass construction and are based on round wafers. Screen­

printed silver has been used as the metallization with a spray-coated AR 

layer. The least expensive junction formation technology appears to be ion 

implantation; however, several other technologies also may be used with very 

little cost penalty as described in this report. 

Based on the required investment, a profit of $0.05/W appears reasonable. 

If silicon wafers are available at a price of $20-40/M2, a selling price for 

these array modules of $0.50-0.66/W is projected. 

An analysis of the impact of factory size has been made. For a production 

level of 500 MW/yr, the price above is derived. For comparison, a factory proces­

sing 50 MW/yr using the same technology would sell modules for $0.54/W to 

$0.70/W. An analysis of the impact of wafer size indicates that with tradition­

al metallization and panel designs there is .no advantage in increasing wafer 

size from 3 in. to· 5 in., and, in fact, there is some penalty (10% in $/W) due 

to increased metallization costs and reduced system performance. 

There is a premium placed on high efficiency due to its impact, not 

only on array module cost, but on system cost. For the near term goals of this 

program, wafers cut from single-crystal material seem the most likely sheet 

configuration. 
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SECTION II 

INTRODUCTION 

The purpose of this study was to assess manufacturing process sequences 

for silicon solar array modules which could be sold"for $0.50/peak Win 1986 

assuming a yearly sales volume of 500 MW. The study has identified such 
., 

process sequences. All of the relevant technologies which exist in the semi-

conductor manufacturing .art have been analyzed in detail. The basic philosophy 

of this study was to identify those manufacturing processes which had the small­

est cost of consumed materials and expense items (defined later) based on this 

comprehensive analysis. It was assumed that the automation of these low mate­

rial cost processes would result in the lowest cost array module. This philo­

sophy has not changed. 

There have been three levels of cost estimation applied to this task. 

Estimates of the present day costs for each of the potentially relevant 

processes were made as described above. For the class of processes which 

seemed the most attractive from a manufacturing cost point of view, the near 

eerm (approximately 5 years for full implementation) costs were developed. 

Finally, for the most cost-effective sequences, the manufacturing costs in a 

heavily automated facility were projected. A summary of this work is presented 

in Fig. 1. 

In this report, the most cost-effective manufacturing sequence and panel 

design are described in detail. Variations on this sequence are also casted 

out. 

In Section V we discuss the effect of wafer size on manufacturing cost. 

In most of the cost analysis in this report, 3-in, wafers were used as the 

sheet material. Factory level overhead costs are developed in Section VI. 
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72 9BoOX INTERCONNECT:GAP WELDING NEAR FUTURE O,C03 Oo008 Oo003 0,002 0,002 0.004 0,022 Do025 
73 98,0% iNTfRCONNF.CT:ULTRASONIC NlAR FUTURE 0.003 0~013 o,ooo·· Oo003 0.002 Oo004 0,025 0,025 
7~ 100oCl OOU8LE GLASS PANEL AS~EMBLY NEAR FUTURE Do103 Oo003 Oo003 0,001 ,,002 0,003 Oo114 Oo018 
75 100.0¥. GLASS" SUPERSTRATE PANEL ASS'tMBLY NEAP. FUTU.R£ Oo159 0;003 "li~500 OoDOl Oo002 Oo003 Oo159 Oo018 
76 100.01 RIBBO~ IU TU6fS PANEL ASSEMBLY NEAR FUTURE Ool40 Oo003 0.000 DoDO! ~.002 0,003 0,148 DoQ18 
77 lOQ,OX ARRAY MOrULE PACKAGING EXISTING ·--C-~010- ·0,003 OoO OoOOO 0,000 OoOOO OoOl• 0.001 

Figure 1. Cost analysis summary. 
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~ECTION III 

ARRAY MODULE MANUFACTURING COST 

The lowest cost manufacturing process sequence which we haveidentified is 

shown in Fig. 2. As can be seen in the figure, the .cost for this sequence is 

$0.264/peak W with 58% of the cost associated with material and expense items. 

This process sequence is identified as Ion Implantation (C) where the (C) de­

notes a heavily automated extrapolation of a near-future version, Ion Implanta­

tion (B), which will be evaluated later. 

In the three class (C) cases which will be described, all of the.machinery 

is f~lly automated and only the interfaces between each step involve people. 

The sheets, in this case 3-in. wafers, are transported between each step in 500-

wafer cassettes. As will be shown below, additional people are involved in 

mai,ntenance, support, and administrative functions. 

ION IMPLANTATION (C) 

ASSUMPTIONS: 0.717 WATTS PER SOLAR CELL AND $0.0 FOR 7.8 CM (3") DIAMETER WAFER 

STEP YIELD PROCESS MAT'L. EXP. LABOR INT.+ TOTALS INVEST 
(%) +O.H. DEPR. 

99.0 SYSTEM "Z" WAFER CLEANING (B) 0.0 0.001 0.001 0.000 0.003 0.002 

z 99.0 ION IMPLANTATION:2 SIDES (C) 0.0 O.OO!i 0.004 0.0~0 0.029' 0.084 

3 99.0 DIFFUSION (C) 0.0 0.002 0.004 0.003 0.009 0.010 

4 99.0 POST DIFFUSION INSPECTION 10% (C) 0.0 0.000 0.000 0.000 0.001 0.003 

5 99.0 THICK AG'METAL-BACK:AUTO (C) 0.021 0.004 0.004 0.008 0.041 0.037 

6 99.0 THICK AG METAL-FRONT:AUTO (C) 0.021 0.009 0.010 0.016 0.060 0.069 

7 90.0 TEST (C) 0.0 0.000 0.004 0.008 0.012 o:oJs 

8 99.0 AR COATINGS:SPRAY-ON (C) 0.002 0.002 0.005 0.002 0.011 0.008 

9 98.0 INTERCONNECT:GAP WELDING (B) 0.002 0.002 0.008 0.005 Q.016 0.019 

10 100.0 OOUOLE GLA55 PANEL ASSEMBLY (D) 0.072 0.002 0.003 0.003 0.080 0.014 

11 100.0 ARRAY MODULE PACKAGING (A) 0.007 0.0 0.001 0.000 0.009 0.000 

82.2 TOTALS 0.124 Q.027 0.046 0.066 0.264 0.282 

% 47.22 10.35 17.12 25.31 

Figure 2. Ion implantation cost analysis. 
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As can be seen in Fig. 3, the factory on which these cost estimates are 

based produces 50 MW/year and operates 345 days/year. At this level of pro­

duction» there is only a· slight projectable advantage in increasing the factory 

size (Section VI). Ten such factories will produce 500 MW/year. 

For understanding Fig. 2, Fig. 4 is a. listing of all the material and ex- · 

pense items which have appeared during the entire analysis. As a rule, those 

materials which become part of the finished array module are considered 

"material" and those which are used up during the process sequence are consid­

ered "expense." . 
Figures 5 through 10 are the remaining cost summaries for the class B and 

class C process sequences which are considered the most cost-effective. 

Figure 11 is a .comparison of the three class (C) process sequences; Ion 

Impantation·(C), Spin-On+ POC1 3 Diffusion (C), and Screen Print 2 Sides (C). 

All of the processes in these three case.s are the same except for the. junction 

formation technique. In Spin-On+ POCl3 Diffusion (C), the back of the wafer 

is doped with a spin-on source during a POCl3 diffusion of the front junction. 

In Screen Print 2 Sides (C), an appropriate source paste is screened onto each 

side of the wafer and the wafer doped in a subsequent diffusion step. The pur-
··v 

pose of this figure is to emphasize that several cost-effective junction forma-. ' . . ~ ' 

tlon processes are available. Performance· penalties which may be experienced 

with the nonstandard processes such as screened-on doping sources are not 

considered iri this cost analysis. 

It is the purpose of this analysis to provide guidance .as to which tech­

nologies should be developed; it suggests ion implantation and screened-on 

doping sources are technologies worthy of further investigation. 

Figure 12 is a cost comparison o.f these same technologies as we have 

evaluated them in a near-future context. Two factors result in lower cost in 

the automated line. First is a direct reduction in labor and process overhead. 

Second, the overall yield has increased from 65% to 80%. A detailed evaluation 

of the capital costs shows an actual reduction (slight) in the automated case 

due to substantially higher throughput for the fully automated equipment. 
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GENERAL INPUII'S 

I YEARS OF UUD·Y: 1 BASE YEAR OF RUN: 

ANNUA-L PRODU:TIDN lN' W A'tts"f -s;oOii o·ot+07 PRODUCTION GROWTH PROF IL.E I: 0 

2ND SHIFT PP.~MIUH:10-00X 3RD SHIFT PRE~IUM:lOoOOX 
I WORKING DUS/YR:3115 I HOURS/SHJFT:12.~0 I SliiFTS/DAY: 2 

-~O_O~ _ _!)E_~R-~C.! ~ Tl_!l_~ ~-~.:'.'.~~-=~~--- .T}~--I?~P.R~:;I• TI ON METHOD: SYD 

FACTORY CONSrRut:TION COSTtSIFT••2: OoO FACTORY DEPRECIATION \.IF::-BOOK: 20 TAX: 20 INVESTMI::NT TA.X CREDIT:YES 
LAND COSTtSI=T**2 OF FACTORY: OoO CNOT A DEPRECIABLE INVESTMENT! FACTORY EX.CESS SP·ACE-1ST YR: OoOX 

INVESTHENT HX CREDI- RATE: 10oOOX INT!::REST RATE ON DEBT: ·9oOOX INTEREST RATE. GROIITli PROFILE 11: 0 
Q.E:JH_ .R~T_!_9~ ~~_T1_~L. ~[A~ U~.0...!..0~~. ·-

PURCHASED SI.ICON co:T: Oo S/SHEETo >ILICON COST GROWTH PROFILE #: 0 
I SOLAR CELU/S.HEET: 1 I SOLAR CELLS/Aj'(RAY MODULE: 2211 .~REA .OF ARRAY MOPULE:13564oOCM••2 
WATTS PER SOLAR CELL<DEFAULT): CoSO W~TTS PER SOLAR CELL GROWTH PROFILE #: 0 

WT. OF SHEET: 3.~60 GRAMS. AREA OF SHEET: 
iiE:FfN-iiioti"""6i=- s~EE:'f:·~~ii-cM- c·3·;;·;-·[ftAMEir"R. iUFER 

GENERAL INP~TS:LABOR TYP:: DEFINITIONS 
LABOR NAME l~BOR TYPE WAGE RATE GP# 
HOURLY OP£RA.TOR OlRECiT" SoOOSIHR 0 
REWORK OPERATOR DlRECII' 5o00S/HR 0 
iio(flfC:'f.~UTOit ll.:mr s;oifshtR o 
MACHo ATTENDl\NT Ir.IDIR::CT So60S/HR 0 
FOREMAN I MD IR::CT 7 o65S/HR 0 
ENGRo SUPPOIT IWDIR~CT 11o75S/HR 0 
TECHNICIAN IWDIR::CT 7o15S/HR 0 
CLERICAL I~DIR::CT 5o10SIHR 0 
QO~Lnv cOfinroL ·r~Dn~c't s.-60s/HR o 
MAINTENANCE I~DIR::CT 5o10S/HR 0 
HANDLER IWDIR~CT 5o10S/!1R 0 

47~800CM••2 FORM:3• ~AFER. 
~ 

FRINGE BENEFITS GPI 
35.01 0 
35oOX 0 
35oOX 0 
35oOX 0 
35.0 X 0 
35.01 0 
35oOX 0 
35oOX 0 
35.01 0 
35oOX 0 
35oOX 0 

EFF IC I.O.:CY 
as. ox 
il5oOX 
85oOX 
85oOX 

10C.OX 
1010oOX 
10()1oOX 
1010oOX 
1D•Do0~ 
10<0 .os: 
101Do0l 

Figure 3. Factory production analysis. 
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GENERAL INPUTS:ExPENSE TYPE DEFINITIONS 01/20/77 lb:l5:43 PAGE 6 
EXPENSE NAME RESTRICTION TYPE COST GPI SALVAGE SALVAGE VALUE GPI 
AG-PLATED CU WIRE NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
AL CHANNEL NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
ALUMINUM ·NoN-E MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
ALUMINUM RIBBON NONE MATERIAL SPECIFIED n s 0 o.ox s o.o 0 
AL FOIL SUBSTRATE NONE MATERIAL SPECIFIED It>· s 0 0 .ox s o.o 0 
BOX FOR MODULE NONE MATERIAL SPECIFIED IN s 0 0 .ox s o.o 0 
CELL ADHESIVE NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
CONFORMAL COAT+3 HIL HETAL NONE MATERIAL SPE.CIFIED IN s 0 o.ox s o.o 0 
EDGE SEAL ·NoNE MATERIAL SPECIFIED IN s 0 o.ox s 0 .o 0 
END CAPS NONE MATERIAL SPECIF"IED IN s 0 o.ox s o.~ 0 
EPOXY SPACER NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
EXTENDED HE~T SINK NONE MATERIAL SPEC I FlED IN s 0 o.ox s o.o 0 
FINAL ASSEMBLY MATERIAL NONE MATERIAL SPECIFIED IN s 0 0 .ox s o.o 0 
GLASS TUBING NONE MATERIAL SPECIFIED IN s 0 0 .ox s o.o 0 
INDEX HATCHING MATERIAL NONE MATERIAL SPECIFIED IN S 0 o.ox s 0 .o 0 
IN-HOUSE SPIN-ON AR COATING NONE MATERIAL leOOOOOE-02S/CM••3 0 o.ox o.o S/CM••3 0 
IN-HOUSE PASTE SOURCE NONE HAT ERIAL 4.00000E-03S/CM••3 0 o.ox o.o S/CI'I••3 0 
IN-HOUSE SPIN-ON SOURCE NONE MATERIAL 4eOOOOOE-03S/CH••3 0 o.ox o.o S/CM••3 0 
INK AG-FPONT FINE GRID NONE MATERIAL SPECIFIED IN S 0 0 .ox s o.o 0 
INK AG-FRONT FINE GRID LOST NONE MATERIAL SP.ECIFIED IN S 0 0 .ox s o.o 0 
INK AG-FRONT BUS BAR NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
INK AG-FRONT BUS BAR LOST NONE MATERIAL SPECIFIED IN s 0 o.ox s 0 .o 0 
INK AG-BACK GRID NONE MATERIAL SPECIFIED IN ! 0 o.ox s o.o 0 
INK AG-BACK GRID LOST NONE MATERIAL SPECIFIED IN ' 0 o.ox s o.o 0 
INK AG-BACK PAD NONE HAT.ERIAL SPECIFIED IN S 0 0 .ox s o.o 0 
INK AG-BACK PAD LOST NONE MATERIAL SPECIFIED IN s 0 0 .ox s o.o 0 
INK AL-FRONT FINE GRID NONE IIATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
INK AL-FRONT FINE GRID .OST NONE HATER IA L SPECIFIED IN s 0 o.ox s o.o 0 
INK AL-FRONT BUS BAR NONE HAlERIAL SPECIFIED IN s 0 o.ox s 0. 0 0 
INK AL-FRONT BUS BAR LOST NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 

-INK AL-BACK GRID NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
INK AL-BACK ~RID LOST NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
INTERCONNECT MATERIAL NO~E ·HATER I AL SPECIFIED IN s 0 o.ox s o.o 0 
INTERCONNECT I'IETAL NONE MATERIAL SPECIFIED' IN s 0 o.ox s o.o 0 
PANEL ASSEMBLY MATERIAL NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
PANEL CONNECTOR NONE MATERIAL SPECIFIED IN s 0 o.ox s 0 .o 0 
SILVER NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
SUBSTRATE NONE MATERIAL SPECIFIED IN s 0 o.ox s o.o 0 
TANTALUM PENTOXIDE NONE MATERIAL SPECIFIED IN S 0 o.ox s o.o 0 
TITANIUM NONE MATERIAL SPECIFIED IN's 0 0 .ox s o.o 0 
WINDOW NONE MATERIAL SPECIFIED IN S 0 0 .ox s o.o 0 

ACETIC ACID NONE DIRECT EXP. le72200E-03S/GHe 0 
AMMONIA GAS NONE DIRECT EXPo 5e50000E-06S/CH**3 0 
AMHONIUH HYDROXIDE NONE DIRECT EXP. 8e90000E-04S/CH••3 0 
BOATS,LINERS,ETC. NONE DIRECT EXP. SPECIFIED IN s o· 
DEVELOPER NONE DIRECT EXP • SPECIFIED IN S 0 
DETERGENT NONE DIRECT EXP~ o.o SIGH• 0 
DE-IONIZED WATER NONE DIRECT EXPo le06000E-06SICH••3 0 
DIAMOND BLADES,ETC. NONE DIRECT EXP. SPECIFIED IN S 0 
DIBORANE 5:1: IN HYDROGEN NONE DIRECT ExP. 2e82700E-05S/CH••3 c 
ELECTRICITY NONE DIRECT EXP. 3 • 0 0 0 0 0 E- 0 2 S IK WH 0 
ELECTRODES NONE DIRECT EXP. SPECIFIED IN s 0 
FILAHENTS/INSULA~ORS NONE DIRECT EXP • SPEC I FlED IN s 0 
FILTERS NONE. DIRECT EXP. SPECIFIED IN S 0 

Figure 4. Material and expense definition. 



GENERAL INPUTS :EXPENSE TYPE DEFINITIONS 01/20/77 16:15:43 PAGE 6o1 
EXPENSE NAME RESTRICTION 'TYPE COST !;PI $'LY~GE SALVAGE VALUE GP# 
HYDRAZINE NONE 'DIRECT E. X Po 1o23000E-DU/GMo 0 
HYDROCHLORIC ACID NONE !DIRECT EXPo 8o36000E-04$/GMo 0 
~YDROFLUORIC ACJD NONE DIRECT EXPo lo23000E-03$/CM••3 0 
-iYDROGEN NONE DIRECT EXPo 2o65000E-07S/CM••3 0 
-iYDROGEN CHL:RICE NONE :DIRECT EXPo 6o60000E-03S/CM••3 0 
HYDROGEN PER~XICE NONE DIRECT EX Po lol4000E-03S/CM**3 0 
ION SOURCE GBS NONE DIRECT EXPo SPECIFIED IN S 0 
LIME NONE DIRECT EXPo 4o6SOOOE-05S/G~ 0 
LIQUID NITRO:;EN NONE DIRECT EXPo 7o50000E-05S/CM••3 0 
NITRIC ACID NONE DIRECT EXPo lo03400E-03S/GMo 0 
NITROCELLULOSE LACQUER NONE DIREC1' EXPo lo50000E-03S/CM••3 0 
NITROGEN NONE DIRECT EXPo 4o77000E-OBS/CM••3 0 
NITROGEN AMB[ENl NONE DIRECT E. X Po 4o77000E-08S/CM••3 0 

00 
~ITROGEN CUR1AI~S NONE DIRECT EXPo 4o77000E-08S/CM**3 0 
0-RINGS & FH TEFS NONE DIRECT EXPo SPECIFIED IN S 0 
OUTSIDE ENGRo SERVICES NONE DIRECT EXP. SPECIFIED IN S 0 
OXYGEN NONE DIRECT EXPo lo84000E-07S/CM*•3 0 
PHOSPHINE 51 IN HYDROGEN NONE DIRECT E'XPo 2o88000E-05S/CM••3 0 
PHOSPHORUS O~YCHLORIDE NONE DIRECT EXPo 2.04000E-02S/GMo 0 
PHOTORESIST NONE DIRECT EXPo SPECIFIED IN S 0 
QUARTZ NONE DIRECT EXPo SPECIFIED IN S 0 
SCREENS NONE DIRECT EXPo SPECIFIED IN S 0 
SILANE 1001 NONE DIRECT EXPo 4o04000E-01S/GMo 0 
SILICON TETRtCHLORIDE NONE DIRECT EXPo 5.72000E-03S/GMo 0 
SODIUM HYDRD-UDE. NONE DIRECT EXPo 3.77000E-05S/GMo 0 
SOLVENT NONE DIRECT EXPo SPECIFIED IN S 0 
SOLVENT-INK 'NONE DIRECT EXPo· 5.27700E-04S/CM*•3 0 
SOLVENT-PASTE NONE .DIRECT EXFo 5.27700E-04S/CM*•3 0 
SPRAY-ON SOUF;CE NONE DIRECT [X Po SPECIFIED IN S 0 
SQUEEGEES NONE DIRECT EXPo SPECIFIED IN S 0 
SULFURIC ACIO NONE DIREc'T EXPo 6oB2000E-041/GMo 0 
THERMOCOUPLEoETto NONE DIRECT EXPo SPECIFIED Ih- S 0 
SUSCEPTORS NONE DIRECT EXPo SFECIFIED IN S 0 
TRANSDUCERS & TIBES NONE 'DIRECT EXPo SPECIFIED IN S 0 
TRICHLOROSILAINE NONE DIRECT EXPo 1o,8000E-031/GMo 0 
IIATER-COOLir.5 NONE DIRECT EXPo 2oOOOOOE-071/CM••3 0 

Figure 4. Material and expense definition (Ccntinued). 



COST ANALYSJS&CASE II:SPIN-ON •POCL3 DIFFUSIONCCl 02/03/77 13:09118 PAGE 1 

PROCESS COST OVERVIEW-S/WATT 
ASSUMPTIONS: Ooi17 WATTS PER SOLAR CEll AND S 0.0 FOR 7.8 C'l CJ•I Dl AIIETER WAFER 
srEP YIELO PROCESS MAT 'L • o. L. EXPo P. OH. ' I NT • OEPR. SU8TOT SALVG. TOTAlS I INVEST I 

1 99.01 SYSTE~ •z• WAFER CLEANING C8l o.o 0.001 0.001 o.ooo o.ooo o.ooo 0.003 o.o 0.003 1.2 0.002 o.8 
·2 95.01 SPIN-ON SOURCEt1 SlOE CBI 0.006 0.009 o.ooo o.ooto 0.,301 o.002 0.022 ~.o 0.022 7.8 0.015 1.0 
3 99.01 POCL3 DEPOSITION AND DIFFUSION CCl o.o 0.003 0.021t 0.001 0.001 0.001 0.030 o.o 0.030 10.3 0.006 2.7 
4 95.01 EDGE POLISH CBl o.o 0.002 o.oott 0.001 0.•300 o.ooi 0.007 o.o 0.007 2.5 o. 005 2.5 
5 99.01 'LASS REMOVAl 181 o.o 0.001 0.001 o.ooo Oo•JOO o.ooo o.oo3 o.o 0.003 1.1 0.003 1. !I 
6 99.01 POST DIFFUSION INSPECTICN:101 CCI o.o o.ooo o.ooo o.ooo o.ooo o.ooo 0.001 o.o o.oo1 0.5 0.003 1.4 
7 99.0l THICK AG IIEJAl-FRONTUUT"O CCl 0.021 0.005 0.009 0.005 0.006 0.010 0.056 o.o 0.056 19.1t 0.069 31.7 
8 99.01 THICK AG IIETAL-8ACK:AUTO CCI 0.021 0.002 o.ooto 0.002 0.003 0.005 0.037 o.o 0.037 12.9 0.037 11.1 
9 99.01 AR COATING&SPRAY-ON ( BJ 0.002 O.OOit 0.002 0.001 0.001 o.oo1 o.ou o.o 0.011 3.6 0.008 3.9 

10 90.at '!:'EST ICl o.o 0.003 o.ooo 0.001 0.003 o.oo5 o.ou o.o 0.012 lto2 0.035 16e1 
11 98.01 JNTERCONNECT:GAP WElDING C8J o.ooz 0.006 0.002 0.002 o.ooz 0.003 o.Dl6 o.o 0.016 5.6 o.o1CJ 8.9 
12 100.01 DOUBLE GlASS PANEl ASSEMBLY CBJ 0.072 0.002 0.002 0.001 0.001 0.002 0.080 o.o 0.080 27.7 0.011t 6.3 
13 100.01 ARRAY MODULE PACKAGING UJ o.oo7- 0.001 o.o o.ooo o.ooo o.ooo o.oo9 o.o 0.009 3.1 o.ooo 0.2 

74.21 TOTALS o.uo 0.039 o.oto9 Oo019 0.020 0.031 0.289 .o.o 0.289 100.0 0.218 100.0 

' 45.18 u.s2 17.12 6." 6.18 10.76 100.00 

NOTE I CAJ•EXI STING TECHNOLOGY; I 8J•~IEAA FUTURE; CCJ•FUTURE ANNUAL PROOUC TION: 50.0 MeGAWATTS. 

Figure 5. Cost summary spin-on+ POC1
3 

diffusion (C). 
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COST ANAlYSIS:CASE ~~~SCAEEN P~INT 2 SIDES lCJ 02/03/77 13:09:18 PAGE 1 

PROCESS COST CVERVIEN-S/WATT 
ASSUMPTJCNS: 0.717 ~TlS PER SOLAR CEll AND $ 0..0 FOR 7o8 CM 13") DIAMElER IIAFER 
STEP YIElD PROCESS MAT 1 Lo o. Lo EXPo Po OH. INT. DE PRo sua.ToT SAL VG. TOTALS I INVEST I 

1 99.01 SYSTEM •z·• IUF~ CLEANING '81 o.,J 0~001 0.001 o.ooo o.ooo o.ooo 0.003 o.o O.OOl 1o2 o.ooz 0.7 
2 99.01 SCREEN PRI;NT SOURCE:2 :SlOES (C) 0.011 0.004 0.006 0.004 0.004 0.006 0.035 o. 0 0.035 12.8 0.040 16.6 
3 99.01 DJFFUSION tct 0·.0 0.003 0.002 0.001 0.001 0~002 0.009 o.o 0.00'9 3. 2 0.010 4.1 
4 99.01 GlASS REM•JVAL IBJ O.·J 0.001 0.001 O.IJOO o.ooo o.ooo 0.003 o.o 0.003 1o2 0.003 1.3 
5 99.•JI POST DIFF•JSION INSI'ECTUlN:lOI ICJ o.o o.ooo o.ooo o.ooo o.ooo o.ooo 0 • .001 o.o 0.001 0.5 0.003 1.2 
6 99.0S THICK AG ~ETIL-BACK:Al.TO tel 0.021 o.002 0.004 0.002 0.003 0.005 0.038 ·o.o 0.03:5 13.8 0.037 15.4 
1 99o01 THICK AG MET,L-FRChT:MUTO tcJ 0.021 o.oos o. 009 0.005 0.006 0.010 0.056 J).O 0.05• 20.5 0.069 28.6 
8 99.•DI AR COATIN·~ tSFRAY-DH (81 Oo002 o.ooto 0.002 Oo001 o.oo1 o.oa1 OoOll o.o o.on 3.9 o.ooe 3.5 
9 90.01 TEST CCJ O.•J 0.003 o.ooo 0.001 Oo003 Oo005 0.012 o.o o.ou 4.5 0.035 14.5 

10 98o•:JI INTERCONNECHGAP IIELDlltG C BJ 0.002 0.006 0.002 0.002 0.002 0.003 •).·016 o. 0 o.o1«> 5.9 0.019 8.1 
11 100.01 DOUBLE GL.ISS PANEL. ASS'EMBL r 181 0.072 o.ooz 0.002 0.001 0.001 o.ooz 0.080 o.o 0.080 29.2 o. 014 5.7 
12 100.01 ARRAY MODL'lE PACKAtiNIO tAl 0 • .;)07 0.001 o.o o.ooo o.ooo o.ooo ·J-•009 o. 0 0.00'9' 3.3 o.ooo 0.2 

81o41 TOTALS O.l35 0.033 0.029 0.018 0.022 0.035 0.273 o.o o.zn 100.0 o. 241 100.0 

.... I 49.59 1.i:o 11 10.68 6o68 7.95 13.00 1·::10.00' 
0 

NOTE: IAJ•EX-1 STiNG TE•:HNHOGY; t BJ •NEAll FUTURE; lCJ=FUTURE ANNUAL PROdUCTION: 50 .• 0 HEGAIJIArTSo 

.• Figure 6. Cost summary screen print 2 sides (C). 



COST ANALYS[S:CASE I:ICN II'PUNTATIOWCBj 02/03/77 13:09:18 PAGE 1 

PROCESS COST OVERVIEw-S/WATT 
ASSUIU'TICNS: 0.111 WATTS PER SOLAR CELL AND S o.o FOR 7.8 CM (3•) D1Afi1ETER IIAFER 
STEP YIELD PROCESS MAT'Lo Do L. EXPo Po OHa INf. DEPR. SUB TOT SAL VG. TOTALS I INVEST t 

1 99.01 SYSTEM •z• WAFER CLEANING CB) o.o 0.001 0.001 o.ooo o.ooo o.ooo 0.003 o.o 0.003 1.0 0.002 0.5 
2 98.01 ION IMPLANTATIQN:2 SlOES c 8) o.o 0.010 o:o1o 0.009 0.013 0.020 0.061 o.o Oo061 17.9 0.140 38.8 
3 98.01 DIFFUSION 181 o.o 0.009 0.002 0.002 O.O•J 1 0.003 0.016 o.o 0.016 

"· 8 
o. 012 3.3 .. 99.01 POST DIFFUSION INSPECTION CBI o.o 0.003 o.ooo .0.003 0.003 0.004 \).013 o.o 0.013 3.9 0.030 8.3 

5 98.01 THICK AG METAL-8ACK:AUTO c 81 o.o2tt 0.004 o.oos 0.005 o.o•J3 O.OOlt Oo0lt5 o. 0 0.045 13.0 0.031 8.6 
6 98.0:1 THICK AG fi1ETAL-FRONT!AUTD 18) O.OZlt 0.009 O.·:lll 0.012 0.006 0.009 0.070 o.o 0.070 20.5 0.062 17.2 
7 99.01 Al COATING:SPRAY-ON CBI 0.002 O,OOit 0.002 o.oo1 0.001 o.oo1 o. 011 o. 0 o.ou 3.1 o.oo8 2.3 
8 8o.o·~ TEST CBI o.o 0.004 o.ooo 0.003 0.004 0.006 0.018 o.o 0.018 5.1 0.042 11.6 
9 98.0:1 INTERCONNECT:G•P WELOa~G CBI 0.002 0.006 0.002 0.002 0.002 0.003 0.016 o.o 0.016 lt.7 0.019 5.4 

10 lOO.Ol DOUBLE GLASS PANEL ASSEMSLY c 81 0.072 0.002 0.002 o.oo1 0.001 0.002 o.o8o o. 0 o.o8o 23.3 0.014 3.8 
11 100.01 ARRAY MODULE PACKAGI,NG C A) 0.007 0.001 ·0,0 o.ooo o.ooo o.ooo 0.009 o.o 0.009 2.6 o.ooo 0.1 

70.2l TCTALS 0.131 0.053 0.035 0.038 0.032 0.053 O.llt3 0.0 O.H3 100.0 0.36.1 100.0 
1-' I 38.21 15.54 10.31 11.09 9.-.8 15.36 100.00 
1-' 

IAJ•EX 1ST lNG NOTE: TECHNOLDjiY ; CBJ•NEAR FUTURE; CC )•FUTURE ANNUAL PRODUCTION: 50.0 I'EGAWATT Sa. 

Figure 7. Cost summary - ion implantation. 



COST 'NALYSIS:CASE IJ:SPIN-Oh +POCL3 DIFFUSlOMCBI 02/13/77 13:09:18 PAGE 1 

PROClSS COST OYERVIE~-S/WATT 
ASSUMPTIONS: 0.111 IIIATTS PSI. SC•LAR CELL AND $ o.o FOR T.B CM 13") DIAMETER IIAFER 
STEP YIELD PROCESS ~JA'f' L. O. L. EXP. P. OH. INT. DEPR. ·:;l.ll TOr SAL·YG. TOTALS I INVEST I 

1 99.01 SYSTE" "'l• IIAFER CLUNINCP I e.~ o-.o 0.002 0.002 o.ooo o.ooo o.ooo 0.00:5 o.o o.oe5 1o 3 0.003 1.0 
2. 95.01 SPIN-oN SOU&CE:1 SIDE I e.J 0· .. 001 0.010 o.ooo o.oos 0.002 O.OOJ () .• 026 o.o 0.0~6 6.9 0.018 6.5 
3 99.01 POCL3 DEPOSI TJON .AND DIFFUSION ( £l o.o 0.017 0.028 0.021 0.003 o.oo• 0.013 o. 0 Oo0:'3 19.3 o.o31 llo6 

" 95.01 EDGE POLISH ti!J o. 0 0.002 0.004 0.001 o.ooo 0.00! o.ooa o.o o.oa8 2o0 o.oo5 2.0 
5 99.01 GLASS REMOVal (E.J o .. o 0.002 0.001 0.001 o.ooo o.oo:. 0..005 o. 0 o.oas 1o3 0.005 1.8 
6 99•.01 POST DIFFUS!ON INSPECTJCN I E·l o.o Oo003 o.ooo 0.003 0.003 o.oo .. 0..013 o.o O.Oi.3 3.6 0.030 11.1 
1 98.01 THICK AG METAL-FRDNT:jUTD IIU 0.025 Oo009 o.o11 0.012 0.006 OoOO'I 1)·.011 o.o o.o;1 18o 7 0.062 23.1 
8 98..01 THICK AG METAL-B.C~:AUTC (E) o.oz~t o.oo~t 0.005 0.005 0.003 o.oo .. 0.04. o. 0 o.o ... llo6 o.o31 u.s 
9 99'eOI AR COATJ~G:~PRAY-DN IU 0.002 0.004 0.002 0.001 0.001 o.oot 0.011 o.o 0.011 2. 8 0.008 3.1 

10 80~o01 TEST (I!~ o.o 0.004 o.ooo 0.003 0.004 o.oo. 0·.018 o.o 0.018 ~t.1 0.~2 15.6 
11 98..01 INTERCONNECT:GAP WELtiNG lilt o.o62 0.006 0 .,002 0.002 0.002 0.003 0·.016 o.o 0.016 4o3 0.019 7.2 
12 100.01 DOUBLE GLAS~ PANEL A~SEHBLY let 0.072 0.002 0.002 0.001 0.001 0.000! o.oeo o.o o.oao 2lo1 0.014 5.1 
13 100.01 ARRAY MODULE PACKAGihG Ut ·0.001 0.001 o.o o.ooo o.ooo o.ooe 0·.009 o.o 0.009 2.4 a.ooo 0.2 

64.61 TOTALS Oo138 0.066 0.057 o.o5~t 0.024 0.038 0.318 o.o 0.318 100.0 0.264i 100.0 
1-' I 36o47 17.46 15.11 14.31 6.41 10.11 1oo.oe 
N 

NOTE: CAI•EX I STING TECH~JOLOGY':; ( I!I•NEAR FUruREI tCJ•FUTURE ANNUAL PROOUCTIONI 50.0 HEGAWAUS. 

Figure 8. Cost summary - spin-on+ Poc:3 diffusion •. 



~OST ANALYSIS:CASE III:SPIN-ON 2 SIDESCBI 02/03/77 13109118 PAGE 1 

PROCESS COST OVERVIEII-S/WATT. 
ASS-I:JMPT I CNS: O. 717 WATTS PER SOLAR tELL AND S 0.0 FOR 7.8 CM 13•) DIAMETER IIAFER 
STEP YIELD PROCESS MAT 1 Lo Do Lo EXPo Po OH. INT • DEPRo SUB TOT SALVG. TOTALS • INVEST • 1 99.0S SYSTEM •z• WAFER CLEANING CBI o.o 0.002 0.002 o.ooo o.ooo o.ooo o.oos o.o· o.oos 1.3 0.003 1.0 

2 95.0t SPIN-ON SOURCE12 SlOES CBJ O.OH O.OlO 0.001 0.012 o.oo·4 o.oo1 0.068 o.o 0.068 18.6 0.046 16.4 
3 98.0t DIFFUSION (8) o.o 0.009 0.002 0.002 0.001 O.OOl 0.016 o.o o.ou 4. 5 0.012 4.3 
4 95.0t EDGE POLISH CBJ o.o o.oo2 0.004 0.001 o.ooo 0.001 o.oo8 o.o o.ooe 2.1 o.oos 1.9 
5 99.0S GLASS REMOVAL (8) o.o 0.002 0.001 0.001 o.ooo 0.001 0.005 o.o 0.005 1.3 o.oos 1.7 
6 99.0t POs.T D IFF US ION I NSPEC liON (8) o.o 0.003 o.ooo 0.003 o.oo3 0.004 o.ou o.o 0.013 3.7 0.030 10.8 
7 98.0S THICK AG METAL-SACK:AUTO CBJ 0.02'o o.ooio 0.005 o •. 005 0.003 0.004 0.045 o. 0 0.045 12.3 0.031 11.2 
8 98.0t THICK AG METAL-FRONT:AUTO 18) 0.024 0.009 0.011 O.OlZ 0.006 0.009 0.070 o.o 0.070 19.4 0.062 22.4 
9 99.0t AR ·COATING:SPRAY-CIIi (81 0.002 Oo004 .0.002 0.001 o.ooJ 0.001 o.ou o.o 0.011 3.0 o.oo8 3.0 

10 80.0t TEST C8J o.o Oo004 o.ooo 0.003 Oo004 0.006 o.ou o.o o.ou 4.8 0.042 15.1 
11 98.0t INlERCONNECT:GAP IIELDING IU 0.002 0.006 0.002 0.002 0.002 0.003 0.016 o.o 0.016 4.5 0.019 7.0 
12 lOO.Ot DOUBLE GLASS PANEL ASSEMBLY CB) 0.072 0.002 0.002 0.001 0.001 0.002 o.oeo o. 0 o.oeo 22.0 0.014 4.9 
13 lOO.OS ARAAY MODULE PACKAGING CAl 0.007 0.001 o.o o.ooo o.ooo o.ooo 0.009 o.o 0.009 2.5 o.ooo 0.2 

64.0t TOTALS 0.145 0.078 0.031 O.O•U 0.025 0.041 0.363 o. 0 0.363 100.0 0.278 100.0 
...... • 39.81 21.52 8.63 11.87 6.89 l1.22 100.00 w 

NOTE: UI•EXISTING TECHNOLOGY; IBI•NEAR FUTURE; CCJ•FUTURE · ANNUAL PRODUCTION: 50.0 MEGAWATTS. 

Figure 9. Cost summary - spin-on 2 sides. 



COST A~ALYStS:CASE IV:SC~EEN PAIWT 2 SJDESIBI 02/03/77 13:09:18 PAGE 1 

PAOC.:SS COST OVERVIEW-S/WATT 
ASSUMPT ICNS: 0.111 WATrS PER SOL•R CEll AND S 0.0 FOR 7.8 CM l3•t DIAMETER WAFER 
STEP YIELD PROCESS MAT" •• D. L. EXPo P. OHo INT. DEPRo SUB TOT SAt.VG. TOTALS ' INVEST ' 1 99o0' SYSTEM •z• ~AFER CLE•NIN~ IBI o.o 0.001 0.001 o.ooo o.ooo o.ooo ·o·.oo::. o.o 0.003 1o0 0.002 0.7 

2 98o0' SCREEN PRIH S(IJRCE:;! SlOES 18) 0.)1;!. 0.008 0.001 0.007 0.003 0.004 0:.0-\2 c. 0 0.042 12.7 0.031 12.0 
3 98.0' DIFFUSION (81 o.o 0.009 0.002 0.002 0.001 Oo003 o.au. c.o 0.016 s.o 0.012 .4. 7 

• 99.0, GLASS .REMOVAL (8) o.o 0.002 0.001 0.001 o.ooo 0.001 0.005 o.o 0.005 1.5 0.005 1.9 
5 99.0' POST OIFFUS:JN lNSPECTICN (I!) o.o 0.003 o.ooo 0.003 0.003 0.00-\ ·o.c13 c. 0 o.ou •• 1 0.030 llo7 
6 98o0' THICK AG METAL-BACK:~UTO lBl 0.0.!4 O.OO't 0.005 0.005 0.003 0.004 O<.Oit5 ll.O 0.045 13.6 0.031 r2.1 
1 98.0' THICK AG METAL-FRCNToAUTO (8) o.ozc. 0.009 o.ou 0.012 0.006 0.009 0:.070 ll.O 0.010 21.-\ 0.062 24.3 
8 99.0' AR COATING:SPRA¥-ON (81 o.:JJ< o.oa. 0.002 0.001 0.001 0.001 0.011 c. 0 0.011 3.3 o.ooe 3.3 
9 80.0' TEST IBI o. 0 0.004 o.ooo 0.003 0.004 0.006 o.cu o.o 0.018 5.-\ 0.042 16oo\ 

10 9Boot INTERCONNECF.:GAP WELDitiG 181 O.•J•l<: 0.006 0.002 0.002 0.002 0.003 o:.u• c. 0 0.016 4.9 o.o1CJ 7.6 
11 100.01 DOUBLE GLASS PANEL AoSEM&lY 181 O.Ol2 o.ooz 0.002 0.001 0.001 0.002 0:.080 a.o 0.080 24.3 o. 014 5.3 
12 100.0' ARRAY MODULE P~KAGl~G (A) OoODi 0.001 o.o o.ooo o.ooo o.ooo o.ao9 a.o 0.009 2.7 o.ooo 0.2 

...... 69.5' TOTALS o.H4 o.o54 0.033. 0.037 0.023 0.038 0.328 c. 0 0.328 100.0 0.251 100.0 
~ ' 43.78 16.44 10.09 11.16 7.04 11.49 100.00 

NOTE! IAJ•EXISTING TECHIIDUJGY:. I 3t•NEAA FUTURE;" C:J•FJTURE ANNUAL _PRODUCTION: so.o MEGAWATTS. 

,, .. 

Figure 10. Cost summary screen prillt 2 sides. 



Junction Formation 

Metallization 

AR Coat'ing 

Test and Sort 

Interconnect, 
Encapsulation & 
Packaging 

Labor & Process 
Overhead Contefit 

t. 

Ion 
Implant(C) 

.. (¢/W) 

4.2 

9.4 

i.l 

1.2 

.10.5 

26.4 

4.6 

Spin-on + 
POCL3(C) 

(¢/W) 

6.6 

9.4 

1.2 

10.5 

29.0 

5.8 

Screen Print 
2 Sides(C) 

, (¢/W) 

5.1 

9.4 

1.2 

10.5 

27.4 

5.1 

Figure 11. .Comparison of three class (C) (advanced) process sequences. 

Ion Spin-on + Screen Pr in·t Spin-on 
implant POCl3 2 Sides 2 Sides 

(¢/W) (¢/W) (¢/W) (¢/W~ 

Junction Formation 9.3 13.0 7.9 11.5 

Metallizatio·n 11.5 11.5 11.5 11.5 

AR Coating 1.1 1.1 -1.1 1.1 

Test ana 3ort. 1.8 1.8 1.8 1.8 

Interconnect, 
Encapsulation 
& Packaging 10.5. 10.5 10.5 10.5 

-
34. 3. 37.8 32.8 36.3 

Labor & Process 
Overhead Conltml 9.1 12.0 9.1 12.1 

Figure 12. Comparison of four class (B) (near future) process sequences. 



SECTION IV 

DETAILED COST ESTIMATE FOR ION IMPLANTATION {C) 

Because it is the lowest cost sequence, a complete description of Ion 

Implantation {C) will be given. Recall that except for the junction formation 

technology, this sequence is identical to the other two recommended class {C) 

process sequenceso 

A.. SOLAR PANEL DESICN 

Th~ s1.ngle largest cost component in the assembly of a solar cell panel 

is the material required to .provide structural and environmental projection 

~or the photovoltaic circuit. _.It is, therefore, necessary to clearly define 

the panel design considered in the automation study in prder that the assem­

bly processes are consistent with the materials selected. 

Figure 13 shows the panel design which is the basis for the cost analysis 

described in this report. The design is characterized by several features 

which are worthy of comment. 

• Glass is used as both substrate and window for the enclosure. We are 
not convinced that ~here is a cL~lule alternative to glace in terms 
of cost and reliable protection for environmental threats. The con­
cept shown calls for the window and substrate to be bonded together 
structurally sn that l/8-in. sheet can be used in both places and the 
totAl assembly is structurally equivalent to a 1/4-in. or greater 
panel. 

• The circuit is configured in a series-parallel arrangement in which 
four cells are connected in parallel to preserve panel performance 
if point failures occur at the cell level. The series circuit makes 
an odd number of traverses across the pant:!l su that the panel intcr­
connectiqn terminals can occur at opposite corners on the panel 
diagonal. This feature permits ease of packaging tor shipmen~ and 
ease of system interconnection as will be discussed in a later para­
graph. The interconnector design utilizes threaded terminals which 
are ruggedly imbedded into th~ panel to a~BUJ.'Iil easy syst~m flSSCmbly 
and maintenance (Fig. 14). 

16 



Figure 13. Solar panel design. 
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Figure 14 •. Interconnector design. 
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• Round cells are utilized since they are available in large quantity. 
As shown in Fig. 15, the cells are bonded to the substrate using a low­
cost compliant bond. Compliant optical filler material is applied be­
tween the window and the cells to reduce optical losses in the photon 
path. By reducing the structural requirements on this material, lower 
cost compounds can be used. Table .1, originally shown in Quarterly 
Report No. 3 [1], compares the materials cost for various panel designs. 
The panel proposed here is column II. By comparing columns I .and 
II, it is easily seen that the elimination of the use·of transparent 
adhesive is a cost-effective step. Note the. region between cells 
does not contain potting compound. 

The panel shown in Fig•· 13 uses a· nonstandard cell size of 4.45-in. 

diameter in order to meet simultaneously the constraints of 4- x 4-ft panel 

size, four-parallel-cell circuit, and diagonally opposite circuit termination. 

The pan~l has a packing factor of approximately 83% and will deliver 15 V de 

and a peak current of 13 A. We find no difficulty in .. specifying an odd cell 

size since this solar cell factoJ;y will have enough production volume to create 

as standard any size which meets the need of its products. A different cell 

size will change the panel dimensions to maintain high panel area efficiency. 

Detailed baseline cost estimates have been made on the basis of a 3-in. cell 

as the basic building block. Almost all of the costs of the panel itself. are 

cell size independent, the one exception being interconnection and assembly 

capital equipment cost which decreases linearly as cell size goes up. Since 

the cost of this equipment is a small fraction of the total cost and the influ­

ence of cell size on its value is small, the analysis shows that the 3- to S-in. 

cell size range, panel and assembly costs are almost independent of cell size 

(10.5¢/W compared with 9.9¢/W for 5-in. cell; see Fig. 36). 

B. PANEL INSTALLATION 

The proposed panel design is configured for simple and low cost ,installa­

tion. Figure 16 shows a system configuration of solar cell panels which is 

six panels wide and five panels high (24 x 20 ft). The configuration shows 

that the panels are installed using standard window glazing techniques. Each 

1. B. F. Williams, Automated Array Assembly, Quarterly Repo~~ 
954352-76/3, prepared under Contract No. 954352 for Jet Pre 
September 1976. 

19 
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Section A-A, enlarged 
,., 

A 

L 
A· 

_1 

Figure 15. Round cell configuration. 
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TABLE 1. COST COMPARISON OF PACKAGING MATERIALS 

Item 

Substrate 

1/16 glass sheet 
1/8 glass sheet 
0. 005 alum. fo.il 

Cell Adhesive 
RTV15/Primer 
RTV 102 

Window 
1/16 glass sheet 
1/8 glass sheet 
1/4 glass sheet 
1-in.-diam R6 tubing 
1-in.-diam N51 tubing 
2-in.-diam R6 tubing 

Assembly Closure 
Conformal coating + 3-mil metal 
Edge seal 
End caps 

Panel Connector 

Aluminum Structural Channel 

Total 

Column identification: 

I II 

.o. 22 

0.41 
0.10 

0.22 
0.44 

0.11 
0.04 

0.09 0.09 

1.05 0.67 

III 

Oo05 

0.10 

.45 

0.06 

0.18 

0.10 

0.94 

I - 1/4 glass with coriformal coating 4 x 4 ft module _ 

IV 

0.41 

0.22 

0.11 

0.36 

1.10 

II - 1/8 glass window and substrate bonded together 4 x 4 ft module 

v 

0.19 

0.10 

0.19 

0.06 

0.36 

0.90 

III - 1-in.-diam R6 tubing with aluminum for substrate (48 tubes in module) 
IV - 1/8 glass with conformal coating (four) 2 x 2 ft panels in a 4 x 4 ft module 

VI VII 

o.os 0.05 

0.10 0.10 

0.60 
1.07 

0.06 0.03 

0.18 0.13 

0.10 0.10 

1.09 1.48 

V - 1/16 glass window and substrate bond~d together into four 2 x 2 ft panels in a 4 x 4 ft module 
VI 1-in.-diam N51 tubing with aluminum foil substrate (48 tubes in module) 

VII 2-in.-diam R6 tubing with aluminum foil substrate (24 tubes in module) 



Figure 16. Solar cell panel system configuration. 
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panel is bedded in a compliant sealing.compound and is structurally secured at 

the corners using a diamond-shaped retaining clip. The spaces between the panels 

are caulked with clear compliant sealant which give the final assembly the 

appearance of monolithic glass •. The· "I" sect:f.ons of the ·supporting superstructure 

all project from the back of the system. All electrical-interconnections are 

made at the point where the four corners of adjacent p~nels meet. These con­

nections are made at every other intersection point in the panel array. Pro­

tection of the interconnection is accomplished using waterproof junction boxes 

on the back of the structure as shown in the detail view of Fig. 17. Termination 

of the entire assembly can occur wherever desired by appropriate system layout. 
In F~6· 16, they are shown at the top.of the assembly, the assumption being 

~hat a power bus can be safely brought to this point. It should be obvious 

that a range of series-parallel possibilities can be achieved with the pro-

posed construction because of the symmetry between positive and .negative 

panel terminals.· This same.symmetry could, of course, cause assembly errors 

unless adequate coding is used. 

C. SOLAR CELL PANEL ASSEMBLY 

The floor plan for a production line to assemble solar cell panels is 

shown in Fig. 18. This diagram indicates the process flow, equipment comple­

ment, factory floor space, and operating personnel required to accomplish 

automated assembly of solar cells. The floor plan is laid out in lines so 

that multiples of its design throughput can be achieved by locating parallel 

lines side by side. The nominal throughput of the line shown in the figure 

is approximately 40,000 W per day or 15 MW per year· (345 working days per year) 

As indicated on the figure the. production'··floor space is 16 x 50 ft, and the 

assqciated storage and aisle spac~ is 16 x 30 ft. The numbers on the drawing 

correspond to pieces of important capital equipment required as part of this 

line. A listing of this equipment and our estimate of its cost is shown in 
( 

Table 2. The assembly procedure sequence is described below. 

D. PANEL ASSEMBLY LINE FUNCTIONS 

1. Sorting 

The input into the panel assembly area is cartridges of sorted cells. 

The exact nature of this sort·will not be determined until the distribution 

23 
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Figure 17. Detail r.ear view of interconnection. 
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TABLE 2. SOLAR CELL PANEL ASSEMBLY EQUIPMENT 

Station No. Equipment Description Qt;[ Reg,'d Unit Cost ~K 

1 Wafer Unloader 4 4 
2 Linear Index Table 2 10 
3 Rotary Index Table 2 25 
4 Pick & Place Assembly 10 5 

5 Parallel Gap Bonder 18 5 
6 Wafer Turner 2 4 
7 Interconnect Formation Tool It 15 
8 Microprocessor Control 1 15 
9 Sensors & Assembly Wiring Lot 20 

10 Linear Index Table 2 7.5 
11 Ropot Arm & Vacuum Hand 1 25 
12 Pulse Xenon I-V Tester 1/2 80 
13 String Reject Position 1 2 
14 Assembly Fixture 1 1.5 
1.5 Llnt:!ar Iutlt:!.x. TaLle 1 10 
16 Adhesive Dispenser 2 10 
17 Sealant Bead Dispenser 1 10 
18 Panel Assembly Sensors Lot 15 
19 Window Supply Fixture 1 5 

20 Glass Handling Robot 2 17.5 
21 Substrate Storage/Dispen~er 1 5 

22 Curing Rack 1 20 
23 System Integration Lot 50 
24 Repair Bench 1 3 
25 lepaired String Position 1 6 
26 Electrical Connector Dispenser 2 6 
27 Linear Index Table 1 10 

of electrical properties versus yield of low-cost solar cells is determined. If 

one can presume that there'will be a greater variation in the properties of a 

low-cost cell than now exists with space-quality products, then such sorting. 

will be a crucial importance. Several sorting strategies are now being inves­

tigated to determine how to configure a panel to most closely approach the per­

formance inherent in the individual cells. 

Z. Cell Handling 

A key element of a soiar module factory will be the cell-handling equip­

ment. It is this equipment which will determine the speed and throughput of 

) 
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the line and be resp~nsible for most of the physical breakage which occurs 

during the various processes. Ideally, it would be desirable to have a con­

tinuous process with no operator intervention until the operation is completeo 

For reasons of process flexibility, the need for buffering between various 

stations, sorting after various steps, and just the practicality of building 

up a production line incrementally, _cartridge cell handling has been built 

around each process. It appears that 500-cell cartridges are feasible so that 

at 1000 cells per hour reasonable amounts of operator attention are possibleo 

The cell-handling sequence during assembly takes the cell from the car­

tridge to a rotary table and then to linear assembly table~ Circuit strings 

are created on this table and combined into parallel arrangements in subse­

quent steps •. The handling of strings from this point to final assembly is 

controlled by a robot arm which interfaces the circuit with a vacuum pickup 

hand. 

a. AiPtPaak Cell TranspoPt - Figure 19 shows a cartridge of cells pneumati­

cally unloaded onto a linear air-track cushion for transport to a vacuum 

chuck position on a rotary index welding table •. Air transport of the cells 

helps to reduce physical damage to the cells during transport; it is being 

used increasingly in the semiconductor industry.and would become more highly 

recommended as cell size increases. Handling rates of 1200 cells/hour are 

feasible with minor extrapolation from present equipment. A circular cell 

format is most compatible with this transport technique since edge chipping 

of any noncircular format has always been a problem during wafer handling. 

b. RotaPy Index Table - A rotary index table is used at the first intercon­

nect station since it permits all of the preparatory steps for string assembly 

to be completed off-line. The table in Fig. 19 has six positions, but notice 

that the throughput of the line would not change regardless of how many posi­

tions were on the table. As presently conceived, the operations completed on 

the rotary table are: 

• position the cell 

• orient the cell with regard to angular position 

27 



Figure 19. Air-track cell transport of cells outu ~otaty. 

• form and place interconnects 

• make two front side welds 

• turn over cells 

• prepare contact areas for interconnection (if necessary) 

• pick up position for string assembly table 

a. Series Conneation Table - Series and parallel interconnections are made on 

a linear motion table. In Fig. 18, station 10 represents the interconnection 

assembly area. Four bonds are made at this station. Two of these are the series 

connections for each of the two strings being assembled at the stationo The 

others are the bonds necessary to make parallel connection between each of 

the cells in the two series strings. 

28 
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When the strings are completed, they are advancing to a combining posi­

tion indicated by th~ arrows at station 10. Two groups of cells from ad­

jacent tables are combined at a pickup point for the assembly robot at 

station 11. 

do Panel Assembly Robot - After the cells are bonded together electrically, 

they are handled by a multiported vacuum pickup hand which is 4 ft long and 

four circuit strings wide. This vacuum hand will be mounted on the end of a 

robot arm which has 5 degrees of freedom, namely, X translation, Y translation, 

Z translation, rotation about the arm axis at the carriage, and rotation 

about the arm axis at the .. vacuum head. The robot arm, under computer control, 

can address five string positions: string pickup, string test, panel placement, 

string reject, and repair pickup. 

The function at each of these positions will be discussed in later para­

graphs. The cell handling until the cells have been bonded to the panel sub­

strate is by virtue of vacuum contact at the robot arm pickup hand. The total 

cycle time for the robot is 100 s per four-string placement. Since each robot 

has two arms each acting 180° out of phase with the other, the effective cycle 

rate is 50 s. The timing sequence for this position is shown in Table 3. 

3. Panel Materials Handling 

The other panel materials are glass (substrate and window), adhesives and 

sealants, and electrical components. Glass and final panel handling will be 

accomplished using a simplified robot arm with vacuum pickup·hand. Adhesive 

and sealant will be dispensed in dots and beads from an automatic pneumatic 

dispensing machine. Electrical parts will be located and placed using pick and 

place equipment fed from a vibrating bowl. 

4. Panel Assembly Processes 

In addition· to material handling, panel assembly involves five other 

significant processes, namely, electrical interconnect bonding, physical bond­

ing of cells to substrate and window, electrical testing of circuit strings,· 

final panel wiring, and protective envelope closure. 
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TABLE 3. PANEL ASSEMBLY TIMING SEQUENCE 

Time Se.quence (s) 

Step Arm 1 Arm 2 

Four-string pickup 0-2 50-52 

Transfer to test 2-4 52-54 

Test sequence 4-6 54-56 

Transfer to rejects 6-10 56-60 

Drop defective part 10-12 60-62 
(if any) 

Pi~k up replacement. 12-14 62-64 
string (if required) 

Index to final bonding 14-16 64-66 
station 

Dwell at bonding station 16-46 66-96 

Index to panel placement 46-66 96-16 

Dwell at panel placement 66-96 16-46 

Return to pickup 96-100 46-50 

a. Sotar Cell Interconnection - Interconnection ot solar cells can be· done 

most quickly and reliably using parallel gap techniques in conjunction with 

appropriate automated material-handling.equipment. This technique permits 

the metallurgical operation to proceed quickly, under close control, and 

with minimum consumables. The cost, thus, is low be.cause consumed material 

is.minimum and process yield is maximum. 

There is no final conclusion on which metallurgical process is preferred 

since more technology input is required.with regard to application of the 

candidate processes applied to thick-film conductors. Our analysis shows 

that the cost to create the interconnect bond will not be significantly dif­

ferent if the bonding technique is solder reflew, welding, or ultrasonic 

bonding •. 
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b. EZectricaZ test - Testing of assembled solar cell strings will be accom-, 

plished using a.pulsed Xenon I-V tester. Existing equipment fs available to 

generate a detailed I-V curve in less than· 1 s. Since the illuminated aper­

ture of this tester can be large and testing time is only a fraction of string 

dwell at the test site, it will be possible to share a tester for two assembly 

lines. 

Testing criteria can be established on the strings based on the input 

cell characteristics. Cell changes induced by interconnect bonding or poor 

quality bonds can be identified using this technique and the involved circuit 

strings rejected. 

c. CeZZ Bonding - The preferred technique for bonding solar cells to a struc­

tural substrate is through the use of a compliant silicone rubber adhesive 

on the backside of.the cell. This allows the use of higher strength and 

lower cost compounds for this purpose. It will be necessary to use a trans­

parent material between the cells and the panel window in order to reduce the 

optical losses caused by refractive index mismatch. By reducing the structural 

demand on this material, simpler and low-cost materials can be used •. 

The proposed.design calls for a structural epoxy bond between substrate 

and window. This bond will allow the load incident on the panel to be shared 

by both panel and substrate. This epoxy will be dispensed at the same time as 

the cell bonding adhesive and will be located in the spaces adjacent to every 

fourth cell in the panel. 

d. FinaZ PaneZ Wiring- The panel design shown.in Fig. 13 utilizes a corner 

connector bonded between the substrate and window to make electrical penetra­

tion from the protective envelope. The positive and negative connectors and 

associated power bus will be bonded to the appropriate string interconnectors 

after the cells are bonded to the substrate. Placement of these components 

is done automatically with.pick and place equipment. 

e. Protective EnveZope CZosure - The final assembly operation calls for place­

ment of the panel window onto a completely assembled circuit substrate. In 
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this operation previously metered quantities of spacer and connector adhesives, 

optical matching material, and panel edge sealant are compressed to create 

intimate contacts with their related parts. The finished panel is positioned 

in a wiring rack which is kept at elevated temperature during a short cure 

cycle. The closure is visually examined at this point along with other physical 

properties of the assembly. Final packaging in a shock-isolated crate prepares 

the products for delivery from the plant. 

5. Panel Assembly Summary 

The assembly procedures and associated equipment can be divided into four 

groupings: string interconnection, testing, panel assembly, and final assembly. 

The following summary description lists the steps on the assembly procedure 

and by reference to Fig. 18 identifies the equipment required to perform each 

function. 

' 
Assembly Step 

1. Unload cells from cartridge 

2. Form and place series interconnects 

3. Bond interconnect to cell (2 places) 

4. Turn over cell 

5. Lift and place on linear table 

6. Make cell series connection 

7. Form and place parallel interconnects 

8. Make cell parallel connection 

9. Advance. double string to assembly pickup point 

{ 

10. 

ll. 

12. 

13. 

14. 

15~ 

16. 

Lift two double strings and index to test position 

Gi::'nPr::ltP. i.lluminated I-v· curve for each of two double 

Index string to reject position and leave any rejected 
string 

Index to repaired string pickup· position and lift 
replacement strings 

Return to parallel bonding station and combine double 
·strings 

Eject panel substrate to panel prep area 

Dispense closure bead onto substrate 
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Station 
No. 

1 

4 

5 

6 

7 

5 

4 

5 

10 

11 

strings 13 

13 

25 

10 

21 

16 
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17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25 •. 

26.-

Assembly Step 

Dispense structural epoxy onto substrate 

Dispense cell adhesive onto substrate 

Advance prepared substrate to assembly position 

Place quadruple string on a prepared panel substrate 
' 

Place and bond panel connectors and bus 

Dispense optical matching material onto panel window 

Lift and place window onto completed circuit assembly 

Lift and place complete assembly in·a.curing rack 

Place curing rack in curing oven 

Remove.finished assembly for final inspection and 
packaging 

Station 
No. 

16 

16 

15 

14 

26,5 

19 

20 

20 

22 

String repair take place at station 24. Repaired strings are placed at 

station 25 for automatic pickup. 

The process parameters for the interconnect step, the double glass panel 

assembly, and the array module packing are given in Figs. 20, 21, and 22. 

E. PROCESS: TEST 

This step automatically tests the completed cells for photovoltaic per­

formance, separates the acceptable cells from the.rejects, and sorts the good 

cells according to efficiency in 1% increments. The machine is microprocessor­

controlled and consists of ·a test station and. sorter. At the test station the 

wafer is contacted by probe~ and exposed to a known llght source. The shape 

of the I-V curve is determ.ined in the region of the knee (maximum power point) 

to determine the fill factor.. The open-circuit voltage and short-circuit 

current are determined by the preset tes.t program, and from these results the 

efficiency is calculated. The sorter, which is activated by the result of the 

test station, autowatically.assigns the cell to a cassette of the right class­

ification. Process parameters are shown in Fig. 23. 
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ESTIHATCDATE:i2127176 ·-BY:BEN ~H·ETPUK, PC:497lt :AHDEN, BLDG. 1C-~-1? CLASS:AR~-y FABRICATION 
CATEGORY:PRDCESS DEFINITIO~ TfCHNOLOGY .EV£L:NEAR 
INPUT 0~uT:s5[ilf-t1r::~ bOTPUf ONTT:~(ILAR CELlS 

FUTURr MATERIAL FO~H:3• WAFEQ. 
T R U! S P 0 R T I l.l : 50 0 S -1 tTI C aiO_ s..'is..-iE~trit;.,.t~--..-y,..R -rA N[i'S"'P"'O~RnT..--.O~U:..T...-: ,;'PTI ::-c "'I<:U""P~T,.,A""'B,..,.L""E...----

~ROCESS YIELC: CJB.O~ YIELD GR~WTH PROFILE: C 
INPUT Urn T ·s·AL VA GE f~ C ToR!·-·r:c·· --"F"AC TOR GP#: 0 
PERF ORH l :-I~ E. F_b CT OR S -"! ( R ~!.!._~C_!..:___!_! CCC C C OE +0 0 

INPUT UNITS: 
-,..F.,...L,.,OO""'R~S,.;;;F,_;,.A~CE·~F=l'**2: 

o. 
o. 

0. 

DES CR I P T !'ON: I ~;tE R C 0 V~t tiT<)"N:irJls--~·'('(!J I NG < B l 

o •. 
o. 

SALVAGE OFTION!VALU£ INS 
V<Rl/VIOCl: 1.000DOOE+OC 

ASSUHPTT:JNS: 
1. 3" DIAMETER WAFEFt 12-14 MILS T~ICKtt100l OFfENTATION•P-TYPEt 1-5 OHM-C~. 
2. Rt·o~ORk OPE:I!A'llll~ -~n;·oAks STRIN·.; Tni .. AE:JE:CH I=~~ OF IHPUTl 

PROC:OUPE 
1• WAFER FROM CASSETTE T" AIR TP-C~ TO ROTARY TLBLE F~R P-CO"TACT BONO. 

0 (Rl/F: 1.CCOOOOE+OO 

z. AOTOHATI·:: PICKUF>.AN~--PL-AC: F~O"'ii:OtAP.Y Tlc:..f. TO LINEAR T48LE F'JP S~RIES BOII.De 
3. INDIVIDtiAL STRI~GS AP.E PRESENrED TC THE TEST STATION USING PICK ANC PLACE ~ANOLING. 
4. STR!"''GS A"R'!' It:Clli'IINAH.O IIITA ~ POLS'CI') XENGI'J I.AHP t.ND .l COMPLET£ I-V CUR\'E I'S.GE:'-Jl:P'-r...,.....------------------
5. ACCE.PTANCE CRITEUA WILL BE PH1t:RA"'HED I~'l"(l -EsT L!:'GIO:. 

H•VEST..,~'IIT~ 

INVESTPE:N'f NAME: .. -- -~'TI''PUPUT UNtT~ X INPJT UNITS PROCE~SEO 
100.0X 
100.0X 

F! RS T COST ---wATL.-'liliTT9'rl*7•"2---------
GW INTERCONNECT EQLlP.t6l 3800.00 CELL5f~R S 271000. B~.O~ 130. 
STRING TtST"DWlP'IIPiTIB) 76ft!~l!C r:t:.LLSIHR S AOO'Ol)'. sS.Ox 11!1. 

NAME 
HOURLY OPERATOR 
REWORK OPtRli'i'QR 
HOURLY )PE:RATCR 
MAINTENANCE 
MAINTEIIoiANCE 
FOREMAN" 

EXPENS'O: NAI'.E 
E LEC TR I'ci tY 
ELECTRICITY 
AG-PLATED .. cu \1 IR F. 
ELECTRODE'S 

LABOR . -- ---------
[OL=CIRECT LABOR PEPSON~:TL:TOTAL LA&OR PERSO~SJ 

L~eoR"!fr~:.NTS fiASE 
~~ I~TERCD~NECT EQUIP.IBI 
sw INTERCONNECT fQLii p~ <B I 
STRING TEST EQUIPMENT<Bl 
~W INTrRt~~T-tQUIP.!B) 
ST~ING TEST EQUIP~E~TI~l 

II PERSijNS./SHIFTIB4SS:: U~IT THRUPUT/HR/Ft·ff~iON-·-i'--~POT UNITS PROCESSED 

DL -------- ---· . 

- ... - --"-Tlfflu IL--
~DO:::C· "ART VA~UBLE PART ----·--o. if- e.~oor+oG 

0. (· ~-.Q')OF:+OO 
.. ----0-1:--- 1.430(-0~ 

c.o lo430E-03 

3.330!:-01 
1.0000::+00 
z.oc0E-o1 
1.000E-01 
1eOOOE-01 
1.000!:-~1 

SUPPLI~S/EXPENSES 

UNITS P.AS~ 

KWt<. PER AVAILABLE I"VESTiiCHT,;.lioCilf ·oF' 
K~o;H. PEl! AVAJLA9LE P!VESTMn f-HCU!I OF 
s PE!I I'll PUT UNIT. l( U•!I TS :---'1 tfl. 0 X 
$ ~E~ I ''PUT UNIT • X UNI r.S = 10l.OX 

Gw--ntEIICCNNECf E:GO.IP. tB) 
STRIII:G UST EQUIPHENTIBl 

----------------------

Figure 20. Erocess parameters - irtterconnect .;tep. 
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PROCESS PARAMETERS:DD~BLE GlASS PANEL ASSEMBLY 

tsTIMATE Dlft:Ol/25177 6Y:BEN sAtLPOR, PC4971, CAMDEN, 
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL:NEAR 
INPUT ONIT:sOLAR CELLS OUTPUT UNIT:ARRAV MoOULts 

BLDG. io-8-12 CLAss:iRRAY FABRICATION 
FUTURE ~ATERIAL FORM:3• WAFER. 

TRANSPORT IN!PitRUP fABLE TRANSPORT oOT:cORiNG RACk 
PROCESS YIELD:110oOX YIELD GROWTH PROFILE: 0 

-,I~N~P~UvT~U~N~IT~S~A~L~vril?G~E~FTAt~to~R~:~~o~.~o--.~FTAt~T~O~R~G~P~t~:~o-----srcvl~-~PTT~·~L~~~u.so--------------------------------------------
PERFORMANCE FACTORS-I<Rlll<SCl: 1oOOOOOOE+OO V<Rl/V(OCl: loOOOOOO<+OO F<Rl/F: loOOOOOOE+OO 

INPUT UNITS: o. o. o. 
FlooR SP3tt,FT•~2: o. o. 0 0 

OESCRIPtloN:?ANtL AssEMBLY, FINAL ASSEMBLY. !!: ·rrsTTBr------·- ... 
--------------------------- ··--·- ... --··· . . .. l!:SUHPTllmS! 

1• 3" DI~M~TE~ ~AFERt 12-14 MILS THICKt<100l ORIENTATIONtP-TYPE, 1-5 OHH-CHo 
2. NO BREAKAGE •SSOHED. ------·---------..:...-'--------------------------------
3. DOUBLE ~LASS PANELt 14o6FT••2. SEE QUARTERLY REPORT 13t PAGE 38t TABLE 5t COLU~N 2. 
4 • NOft : T :J "IIT"Tt ifH 1 NE li Aft II I AL s/FT u 2t MOL Tl"P C Y" .. ItA "ITH AL . to s T . s H n liN c "Slt £ L.U :< "ff4"""ctF-;-;L L'""'S..-/,.,lr.4~.-..6""F"'T,..,.•-:-•....-2-. -----------------------
5· 5 CUREN3 RACKS NEEDEO FOR EACH PIECE OF PANEL ASSEHPLY EQUIPMfNTo 

PROCEOUIIE 
i • A 0 toP. U I t """"P. C K UP & PtA tE HOJ t 0 F Ill OL Tl PlE STl!TN"G·s--·OlH"tl"" SUBS T rr.n ~. !5 I1S 1 Tl~N"!.,..tl-oo..-.IIJ<r""1x:r:-:-.:y,....,H"'b""'f""1""b .. N -T.-AnB..,L.,t-.----------------
2. STRINGS COMPLIANTLY BONDED TO GLASS SUBSTRATE. 
3. PARALL~i. tl.HTrnc·AL cONNECTION OF"""""ITRTNt;·s. -• .. 
4o SERIES CONNECTION TO POWER TERMINATIONS RY PARALLEL GAP WELDI~G. 
5o FINAL··~~SSE:ME:LY:\iffill"O~ IS APPLIED To THE".ASSE"MBL"l' US1NG PICK A~D PLA::E. 
6. WINJOW IS BONDED TO THE SUBST~ATE USING A ~ULTIPLICITY 0~ EPO~Y BO~DED SPACERS. 
7. EII!CCti"SrO"-Sll!!"E"··-rrsEALEo F RhH HOI Sf OH-l'"El'rrT"R"lTTO·~ ·-gy A o[RI"I'.:TER. BOND O"F 1'ni<1 .• trvlrxnsnO"B,.,.O"I""V...-L..,.E"'KJ..-t-.-------------------
8. FINAL ~SSEMSLY IS TRANSFERRED TO CU~IMG RACKS USING PICK AND PLACE. 

I~VEST.,ENTS 

!~VEST~E~T ~AME ---vp~ax•.-,i~RP.UPUT UN!TS X !~PUT U~ITS PROCESSED 
100o0!: 

FIRST corr·· AVA![. AREAtFTu2 
PANEL ASSE~BLY EQUIPrENTIBl 3724.00 CELLS/HR $ 103ooo. 8s.o~ 3oo. 
FiNAL ASStM~LY. Ell"U!PHrt\Ji eel 3724.olf"\:ELLS/HR HD.Olc" 

lCOoO~ 

s -~~ooc. Rs.ot zso. 
CUR l'l:; R"Cl 744.80 t:ELLS/I'R S 50 o 100.0X 20. 

AOOI\LV o~E!IATOR 
HOURLY OFEF:ATC'R 
r~A!r-JTrNA '- CE 
~A INTE"JA~.CE 

~HAN·--

EXPE~SE ~;API£ 

ELECTR"lCfn 
i':LECTRICI n 

-sir!fS1'lrAI E 
CELL ADHESIVE 
J!NCbll 
PANEL CO~NEtTOR -

----rm;r· SE: AL 
EPOXY SD~CER 

--s-ol:vtl'l" T 

--·-----------------------
LABOR 

<DL:CIRECT LABOR P£PSONS;TL:TOTAL LABOR PERSON"S",---·--
LABOR REQUIRE~E~TS BASE 
I'"Ar<IT" ASSEMBLY EQOIPMENTIBl 
FINAL ASSE~~LY EQUIP~ENTIP.l 
!"M:E L ·,fs~(lf5TY""TIIII P~[NT <"I 
FI~Al ASSEMBLY EQUIP~ENT(Bl 

Ol 

# PERSONS/SHIFT/BASE U~IT 

2o500E-Ol 
2o500E·01 
loOOOE-01 
1oOOOE·01 
loO~OE•Ol 

T~<RUPUT/.,R/PERSON X INPUT UNITS PROCESSED 

--------.-A..,KJ""N lJlL -- . 

--F.,-~-~,~0 DART 

o. 0 ... -·-- ·o-;;r-- --· 
o.o 
o.o 
o.o 

· --·---·o-;·tr --- · · 
o.~ 

o.t! 

VAP IABLE PART 
8.oooe:-ol 
4oOOOE+OQ 
lo430F.:-o2 
6o52:>E-O~ 
1o436E-O:> 
5.q7·JE-C~ 

3o910E-O~ 
2o!>1•JE-03 
1o3~JE-c• 

SUPPLIESIEX~~NSES 

UNITS BASE 
KWt-to PER AVAILABLE INVE~OF PANEl ASSEMBLY £QUIPMENTi3) 
KWI'o PER AVAILABLE INVEST~ENT-HOUR OF FINAL ASSEMBLY EOUIPME~T<3l 
S PER INPUT UNIT. ~ UNITS= lOO.Ox 
S 0 ER INPUT UN[To !: UNITS: 100.0X 
S PE ~ I~ PUT U NT r.· . .,..,-O,;,N""!P...t"s""'==--"'"t..,.O""o-.""o"~~"t------------------
s PER. INPUT UN n o 'I! UN ITS: 1 0 0 o 0.1-v-X ----------------------
$ P[~ INPUT UNIT. X U~Ts= 100. 
S PER I~PUT UN!To X UNITS: lOOoOX 
$ P~~ INPUT U~!To ! UNITS==--1~o~or.,onxr---------------------

Figure 21. Process parameters - double glass panel assembly. 
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FROCE5S P-ARAMETERS: ARRAY' ~~ODI'JLE P~CK~GlNG 04/18/77 ~9!51 !24 PAGE 71 

~SliM AT~ DATE :1"C/2E:n6- !':Y :E!EN SI-'ELP:.;lfti'ml't. CAI'IOt:N·~---BL!iG. 10-8-12 CLASS!PACKAGING 
CATEGORY:PROCES~ DEFihiTIO~ T~CHNOLOGY L~VEL:EXISTING ~~T~RI&L FO~M:3• ~AF(Po 
iNPUT U~it:'A'P.Rb MCtOUCrr oUTPUT ONlf:UH¥ "ltiDUL~! TRANSPORT lN:CUf!'ING ifACK ~...:.....-~t,RrAnN:riS'"P"o.-sR"T"'ooru..-f~:Ft~O~x::-------
PROCESS YIELD:l(OoDX YIELD GROWTH PROFILE: 0 
iNPUT UNIT SALVt:;E FACTGR: o.o FACioP.· GPt-: 0 SALVAGE OPTION:vnu:: INS 
PER FORMA:'-JCE FACTORS- I I R I• /I ·:SC> : 1. ~: C 0 00 OE +0 C· VIR) /VI OC >: 1. 0 0 0 00 C·E +·0 0 FIR> /F: 1._..::;0..:.0..:.C'.:...O.:...O O.:...E.:...•____cO:..:O:___ ________ _ 

INPUT UNilS: 
-"'!'F''T'['?!b07Ml"R....,si-"'!""'Ar.c<?t tl'f·;.... 2: 

0. . . 0. 
----.o~.--- a. 

D. 
o. 

OEseR iPTI'CN:.rRRJ y i'IODliCEs .p[ltEtl fliJV'CH>'O CH11E. 

1• l4o5 FT••2 P·tNELo 
ASSU ... PTJONS: 

2. 14.6 F T• i2---0F'-\I"'O""O""D~C ""!t:A .... T"t___,IJTP(..,.E"'b.,.t""O-'.-rA...-T-s=-• ....,o""'8 -'J:·E!i H* •2 or· 'pAN~ L. 
3. 1 OPERATOR ClN PACKAOC SCi MOOULES/HR USIJ'IG ~ACKAG:NG EGUIPI"ENT. 
4. N, T~C-NUMilU OF -PA-NELS P[R WOOD CRA'i'Eo--lS to BE D-ETERM-INED. 

P~'JCEDU~E 
1. OPERATOR RE11CVES ~. P~NELS FROM CURHlG RACK '!- PLACES THE~ IN BOXo 
2. sox STAPLED;------ . ------------
3. BOX PLACED OM STACK FOR R(MOV~L TO WAREHOLS~. 

INVESTMENTS 

----- -------------------

1NV£STMENT NAM'E. 
PACKAGING EGUIPNENT 

MAX. THRUPUT U"tTS----. T INPUT (j~rfS P-ifOCE'SSEO .. FIRST COST AVAIL. AREAtFTu2 
50 • 0 0 A •· I' • I~ R 1 0 0 • 0 X S 2 50 0 ~ • -1 0 0 • 0 X·,; 1 0 0 • 

UBOR 
----------------------~~=~~r~r-t~--~E~~Tl~AL~L~A~B~O~R-wP?EriFs~oKm•s~)r---------------------------

~AKE LABOR PEQLIREMENTS BASE # PERSONS/S~IFT/BASE·UNIT ·T~RUPUT/!1/PERSON. l'INPUT UUITS PROCESSED 
HOURLY o~UIATOR -- PACKAI.i!"J~ -EQUIPMENT- -------------------r-;mr+J:.o-·-
FOR.[MAN DL 1.000E-01 

EXPENSE NAME .... 
SOX FOR MODULE 

ANNUAL S~PPLIES/EXPENSES 
-----F......,llt.,E,...D,...,.P"A""R""t---rrrVJO mBl"E- P il RT . UN ITS --·a A'Sr.-- ---- ------------------------------

0.0 1~~7-~-·-~~ ____ s _ _ .!'~~ _rNP_~!_~_N_I_T_:_• __ ~_U.:_U_I_T...::.S...::.= __ ..:.l...::.O...::.O...::.•.:..O...::.X ______________ _ 

Figure 22. Pr.oces.:; parameters ~ array module pac:dng. 
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ESTIMATE DATE:12/27/76 BY:DAVE RICHMAN, X3207t RCA LA~St E-321A CLASS:TEST 
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL:NEAR FUTUR~ MATERIAL FOR~:~• WAFERo 
INPUT uN:T:SHEETS OUTPUT.UNIT:SOLAR CELLS TRANSPORT IN:soo SHEET CASSETTE TRANSPORT OUT:500 SHEET CASSETTE· 
PROCESS YIELD: 80o0X YIELD GROWTH PROFILE: 0 
l NP U T UN lT SAL VA GE FA C TOR : 0 o 0 FA C T 0 R G P II : 0 - -- SALVAGE-0 P 'ffO N: F!U C T.-I~O"'N"-'·:>"'F"'I"N"'P"Uo;T;-;U;;;N-;;I;;T;-;V;;;A-;L-;U;;:E,....---------------
PERFOKMAtiCE FACTORS-I C R )ly" C SC): 1oOOOOOOE+OO .~!~.!!._~C-~!J.).!~.O~O-~_f.:~Q.~ ___ .:._F..:.«.:..:R..:.).:._I.:...F.:..:-'-1.:..•0"-"-00:..0:..D:..D::.:E::...+:..:O"-''O,__ ____________ _ 

INPUT UNITS: o. o. o. 
0. o. 0. -----··-·-------------------........,.-----

DESCRIPTION:IiT!FtR ELECTRICAL TnT AND SORT.···· 
', 

AS-SUMPTIONS: - . -- --·---------'----------------

1. 3" DilMETER WAFER, 12-14 MILS THICKoC100) ORIENTATION,P-TYPEt 1-5 OH~-CMo 
2. nsT FeR: oPEN ciRcun voLTAGElsHcRT ciRtun·cuRiH:NffR"E\•tlfsE· alAs· LE:iii:iGE; FILL-;:F-.A"c"'T"o;;R-.------------------

\3. MINICCMPUTER-CONT~CLLE~ MEASLREMENT OF 12 POINTS ALONG KNEE ~F I-V CURVE FOR KNOWN LIGHTING. 
~.WAFERS BELo~··lOX EFFICIENCY .aPE REJECfED~-I:lOX "YiELD ESTIMATED·. . . --·· ···-·--· -"--'-"-''-'--'-'...,_,_,"--'----------------

l.l..l 
~ PROCEDUPE 

lo OPERATO~ LOADS CASSETTE INTO ~ACHI~E. 
2. WAF~RS -1\UT(f"if"if.ALLY F~D TO TEST EQUIP-MENT AND .. HEASUREMOHS MADE.· 
3o WAFERS SORT~D INTO MAGAZINES USING CRITERIA TO BE DEFINED. 
4. OFERAT"OR .RE!>~OVES ··U.SSETTES AS THEY··-ARE FILLED. 

INYESTI'ENTS 
INVESTM~NT NAM:: X INPUT UNITS PROCESSED FIRST COST AVAIL. AP.EAtFT••2 
stlftt ~~FER S~RTtM-~.E.1. 

MAXo THRUPUT UNITS 
1200.00 SHIHR 1 o o. o lC ·s·- "Tf" o o o • eo. o lC 2 o o •. 

"'AME 
riOURLY DPERATO~ 

J;A I NTEI•i.~"'CC" 
FORE MAN 

!:XPENSE···~AME 

~LECTRit:ITY 

LABOR 
CDL=DIRECT LABOR PE~SCNSlTL:TOTAL LAeOR PERSONS. 

L A a 0 R .. R E Q ll I P. EI'E NT S "!fA. SE ti I> E R S 0 N S ISH I F TIEl A SE UN IT T H RU P U T7H;..;R~I~P~E;,;R;-;S:-;:O~N,....--;:X;-;;I-.;N~P"-U:-;;T,..,-;Uo.N>I9T"S"P;;R;;O C-;:-E-;:-S-;:-S;:;E;:;D;:;-----
SILTEC WAFER SORTER-w.E.To ::>.soo::-01 
Sil"TEC ;JAF!:R SORTEP.-W.E~·T. 2.000r-o1 
DL loOOOf-01 

ANNUAL 
FIXED PART 

OoiJ 
VARIABLE PART 

5.000E+CO 

SUPPLI~S/EXPENSES 

UNITS BASE 
KWH. PER AVAILAeL_~. -~~VESTME~T-~OUR OF SILTEC WAFEf\ SORTER-W.E.T. 

Figure 23. Process parameters - test. 
i 



__ -:r 

F. ANTIREFLE~TION COATING, SPRAY-ON 

Use of conventional spin-on application of solutions for depositing the 

AR coating on solar cells is expensive because of the.low rate of through­

put and wilL·cause problems of film uniformity because of the,metallization 

pattern interfering with the uniform spreading of the solution. 

We have examined the technical and economic feasibility of spray coating 

techniques as an alternative, and we are entirely convinced that spray coating 

is indeed the technique o£ choice for this particular application. 

Commercial equipment, designed primarily for.the semiconductor industry, 

offers excellent control and performance of high-quality film deposits, and 

remarkable economy. 

The heart of the machine is the vapor carrier system which uses a super­

heated chemically inert hydrocarbon vapor of high molecular weight as the 

transporting medium for the coating material. The low velocity and pressure at 

which the coating material is conveyed by the vapor to the target surface 

minimizes the problems encountered with systems based on pressurized gasses as 

the carrier. The ~olar cells are transported in a 6-wafer-wide stream by a 

conveyor belt from the load station into the spray station. The coating is 

app~l~l hy a fully automated·and adjustable spray gun which traverses the six 

3-in.-diam wafers at ~ -~t speed and distance. Work tlow proceeds at a rate of 

typically 3/4-in./s. Under these conditions the Autocoater can process 5,400 
7 cells per hour~ or 4.4 x 10 cells per year. 

The thickness of the siu2 + Tio
2 

containing AR film af~er drying and 

baking is specified to be 700 i. The control of coating thickness is within 

+5%. Figure 24 shows the performance of such an AR coating which ·was spun-on 

compared with thermally oxidized Ta
2
o5 • Both layers make a very good AR coating. 

An additional part of the system is an infrared-heated section capable of 

attaining 500°C. Since we require only 200° and 400°C for bake out (15 min 

each, at present), this limit is quite adequate. The rate of. throughput may 

be a problem, however, and may require either a change in processing or the 

addition of heaters working in parallel. 
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--rsi'Iii"Att DATE :o212B111 !iY.!IIcA <"sTfMATES CLASSaij coiTING 
CATEGORY:PROCESS CEFINITION TECHNOLOGY LEVEL:NEA~ FUTURE MATERIAL FORH:3• ~AFEP. 
INPUT uNl r·: SHEETS O(JWp Of UN In SHtE H TRA•!SPORT IN: 50 0 SHE ETC A:;;S:,..S;;.E;..T;;.;rt~--.t""lt'"'l,NrziS,.P.,.D""R..,.T-O'"O,fr.:r;~:-::.o'""o,.......,.s"'R"P£P'£•t"""e""l,..,s"'s .. E,..T"'T"'E~ 
PR?CESS YIELD: 95,0X YIELD GP.O~TH PROFILE: C 
I NPUT--UIIjJ T SAL VAG~ Ft.r.T-(iRT. 0.1 FAC"tOR GPII: I' !:ALVAGE OPTION :.-RACTION OF TNPUT UWI"T..-;V;-;A7L"tJ"'E-------------~ 
?ERFORMANCE FACT OF S-]( R I li CSO: 1 .000 OOOE+OO VCR 1/V C OCl: 1.00000 OE+OO F CR l/F: l•:..:l:..;Oc..:Oc..:O...:O...:l.=E_+.:..O.:..O ____________ _ 

0. 0. 
--o ...... ----·o-;-· 

DESCR.IPTI ON: SPRAY-ON. A NTJR EF LECTI ONC.i:lA THIG CB :• 

c. 
c. 

ASSUMPTIONS: 
1• 3"' DIAMETER \IAFER, 12-14 MILS THICKoClOOl O~IENTATIO~,P-TYPEo 1-5 OHM-CH, 
2. 50•0 liiliFt.:iS/C.ASS.ttf 
3. NOTE: IN-HOUSE AR. COATlNG ~EEDS TO BE. DEVELC•PEDo .,-.......,;:-;;-;;rn;;-----------..,..----
'1. LIQUi"c-SPRAY-01'1 SOLJRi:EniO:CtSI02,-··AT $10/LllER. 0.-1 CMu3 IIJLL COVER 1 SIDE w·ITH li"~)7 I'ICP.ONS, 
1. APPLIED AFTER lfiNU MElALLl!ATIO~'• 
13. OVEN BAKO: REQUIRED A.T 400 C, FC>R-·ili. HR. PI AIR, 
9, Ru011 R~~UIREHE_~.T~:_ DRYtCLU£~ FILTERED_!._~Rt _<:830 LI_TERS/HR/SlSTEM. 

PROCEDUIIE 
-1-,-W/IFE"R·s ARE LO/IDED F.R(i"~ CAS~O:TTE "'i'o-·DtPOSITION ZONE, 

2• INERT HYDROCARBON CARRIER GAS TRANSPORTS CCITING MATERIAL. 
~TER .. DEPOSITION;·wAFER TPt.'lSPORTED.VlA.BEL- TO INFt~ARED DRYIIIG ZONE, 

'1, W/IFERS ARE BA~ED FOR 112 H~. ~T 400 Co IN ~JR, 
5. WJFERS CO~ OED ·~~T"O CASSETTE.. ~·-- .. ·-· ... 

INVESTMEriT NAME 
ZICO~ HOOEL 11000 AUTOCOATER 
GPTICAL REFLECTO~:CTEP 

nAX, THRUPUT UNITS 
54oo."""U"(o"SR/HP. 
5'100,00 SH/HP. 

INVfSTHENTS 
X I~PUT UNITS PROCESSED 

100~01 
100~(,1 

LABOR 

NAME 
(QL:DIRECT L•BOR PE~SONSITL=TOTlL 

# PERSO~S/SHIFT/BASE UNIT LAI?uR REQUIIE11ENT·S BASE 
·zt·:-oN MGOEL ]lObo AUTOCOATER 
ZI:ON MODEL 11000 AUTOCDATE~ 

AOURLY OPE"RA TOR 
MAINTENANCE. 

. ·- l.ODOE+OO 
2 .5oor-o1 

FIRST COST A\'AIL.. AREAtFT**2 
s ···12-olrti"D.:.... ~.:...e;,s.-=.~o::.i:x~='-::..:....:..:...,1no.-.or=.'-----------
s 2~ooo. es.o• 16. 

L"ABOlf""l'ER SIJIQS I 
THRUPUT /H RJ"''"F. SON! X INPUT UNITS PROCESSED 

MAIIQ1£NA\'Ct . ----·optiCAL REF(ECTOHETER ---·-·--·----. S.D~L:~------------------------------------------------

A NNOAL SUPPLIES/EXPENSES 
EXPEf'ISE NAME o=·rx£D PART VARI~BLE PART UNITS BASE 
ELECTR I cnr··. 'o. o ··T.OObE .. +01 KWH. .. PER .. lVliUlfl:rtNVESTMEN -HbOR oF ztCON li)DEl 1looo IOTOCOATER 
VAPOP. CARRIER !Q,O 3o00Df-Ol S PER AVAILABLE INVESTMENT-HOUR OF ZICON MODEL 11000 AUTOCOATER 
IN-ROUsE SPRAY-ON AR CoATING ~.0 1;-n~---n-.··.-... !---·-pnrrNPOT UNIT, i ONibS= l.ou.bi 

Figure 25. Process parameters -antireflection coatiLg, spin-on. 



G. METALLIZATIONS 

1. Thick-Film Screen Printing. 

We believe that a metallization technology based on screen-printed con­

tacts is the most cost effective. The principal problem with this technology 

is to combine low contact resistance with low penetration and high adhesion. 

In Quarterly Report No. 3 [1] we showed that the contact resistance must 

be below 0.1 f2-cm2 to not seriously affect device performance. In an experi­

mental evaluation of commercial Al, Ni, and Ag inks we have not found it 

possible to produ~e this low a contact resistance without producing excessive 

penetration. 

Therefore, we have investigated formulating ·a silver metalliza.tion with 

the proper n-type dopant, phosphorus, which would require a low firing tempera­

ture and. thereby minimize penetration and contact resistance simultaneously. 
. . . . 

AgP03 was selected because o:f its low melting point, i.e., 485°C. Similar 

Ag-P compounds are under study. A small amount of the materialwas prepared 

by reacting AgN03 _with NaP03-stabilized metaphosphoric acid (HPOj)· The pre­

cipitate was dried, crushed, and ground to pass through a 325-mesh sieve. An 

"off-the-shelf" silver powder was mechanically blended with the AgP0
3 

powder 

to _yield 95 wt pet Ag-5 wt pet AgP0
3

• This .mixture was s·uspended in a 

cellulosic-type organic vehicle and screen printed using a newly designed 

pattern contain.ing two rows of 0. 2-cm-diam dots. The dots were fired onto 
. 19 ·3 the same silicon material, i.e., n-type, (100), 5 x 10 /em, as that used for 

the evaluation of the commercial inks. The lowest test firing temperature 

was 500°C, since the AgP0
3 

melting point is 485°C and a contact angle of 8° 

was fo~d f.or AgPo
3 

on silicon wherf fired for 2 min at this temperature.· A 

summary of the results for 5-miri firings at 500°, 600°, and 700°C is shown 

in Table· 4. 

Determination of the least square fit is based on at least four test 
2 

points. The lowest specific contact resistance was found to be 0.11 n-cm at 

600°C. · However, the poor correlation in each case suggested that the metal­

to-silicon contacts are spotty in' nature. Angle lapping and metallographic 

examination disclosed two contributing causes for the poor correlation: gaps 

in the physical contact between metallization .. and silicon and voids in the 

metal. The· gap do~s; how'ever, decrease ~ith increasing temperature, and, most 
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TABLE 4. SPECIFIC CONTACT RESISTANCE OF Ag-AgP03 METALLIZATION* 

Firing Specific Contact 
Temperature Least Square Fit, 2 

Resistance 
(oC) y=b+mx r S'2-cm2 

500 y = 39.88 + 122.56 X 0.49 0.65 

600 y c 6.55 + 32.54 X. 0.29 0.11 

650 y = 17.44 + 6.94 X 0.17 0.28 

700 y .,. 24.15 - 2.12 X 0.34 0.39 

*Dot-to-dot spacing ranged from 0.6 to 1.9 em, center-to-center. 
Gold wire Kelvin connection was used for resistance measurements. 
Specific contact resis~ance, Pr., = 1/2 b times dot area. 

important at the highest temperature, there is no evidence of metallization 

penetration into the silicon. The high density of voids present in the 

metallization also contributes to an apparently high specific contact resis­

tance. Closing of the silicon-to-metal gap and reduction of voids in the 

fired film will result when changes are made in the silver and AgP0
3 

particle 

size distribution and relative amounts of each. 

We believe this is an area very worthy of continued attention. 

In our cost estimates we have assumed this technology has been developed, 

and we use ink costs as they exist to~ay. For this metallizing step, cassettes 

with silicon wafers arrive on carts from the preceding test station {i.e., that 

following n-p junction formation) and the cassettes are manually placed into 

the loader adjacent to the screen-printing machine. The loader automatically 

feeds silicon wafers into the screen printer which applies the particular 

metallization pattern. This sequence requires three printing and drying opera­

tions prior to firing: first the back, then. the collecting grid and then the 

bus bar on the front. 

Det~ilcd evaluation of th~ technique using printing pastes based on 

silver, aluminum, and nickel have been carried out from technical and cost 

viewpoints. The minimum cost of typical Al and Ni pastes ($1.90/troy ounce) 

is lower than that of Ag paste ($5.42/troy ounce based on the December 1976 

market price for Ag). All three pastes shrink close to 50% on drying and 

firing. The electrical conductivity of a fired coating depends on the paste 
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composition and the firing conditions, and has been assumed in all calcula­

tions to be one-half of the bulk condu~tivity for Ag and one-third for both 

Al and Ni. For comparing various metallizations, it is important to point 

out that simply changing metal thickness to provide equal conductivity is not 

the appropriate course. The metals all cost different amounts and have dif­

ferent conductivities, and the optimum thickness must be determined from 

minimizing the overall system $/W. 

The cost optimization factor (F) with respect to Ag is 

Factor for (~r2 
optimizing PAS = F = 
pattern ( $em:~ )'2 
thickness 

$em Ag 

where M refers to any fired metal paste and Ag refers to the·fired Ag paste. 

Compared with"Ag, the optimum A1 thickness is 4.22 times as thick and 

the optimum Ni is 6.63 times as thick. The actual thickness of the_ o~timum 

Ag pattern is derived below. 

As can be seen in the cost summary (Fig. 2), the total cost for the 

metallization step is on the order of 10¢/W. The process parameters for the 

front and back metallization are shown in Figs. 26 and 27. 

2. Metallizing by Nickel/Solder Deposition 

a. Basic Process - Because of its seeming cost effectiveness, a cost estimate 

has been completed for this alternate metallization process for the purpose of 

comparison with other methods. Several techniques and process combinations of 

metal depositions by plating are possible. The process sequence selected is 

based on well-established electroless plating and solder deposition technology. 

Essentially, a thin layer of electroless nickel is selectively deposited on 

both sides of the cell, followed by sintering to create a nickel silicide with 

good ohmic contact, electroless plating of one additional nickel layer, and,. 

finally, deposi~ion of molten tin-lead solder to provide an ample thickness 

of metal for good conductance. The entire process is an almost fully automated 

batch operation where unit lots of 1000 wafers are processed automatically on 

a contfnumlR haAiA requiring a minimal amount of labor • 
.iJ 
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ESUNATE DATE:Ol/1.~/77 BY:IItRNER KERNt >:2094t RCA LABSt 03•076 
CUEGORY:PROCESS Dt~FINiliON TECHNOLOG'!' LEVEL:FUTURE NATERIAL FORN:3• IIAFrR. 

----rNP'U'f"UNIT: SHEE'tS JUTPUT UNIT :SHEI:TS -- ....... -TRANSPORT '1'ii1 SO 0 IIAF'E:R CASSCiTE 
PROCESS YIELD: 99.~1 liELO GROIITH PROFILE: 0 
SUBPROCESS USED~SCl,EEN FRINT WAFER -REIIOR~: 
INPUT UNIT SALW.&GE FACTCR: loO FACTOR GPI: 0 

01/20/77 .16:~s:•3 PAGE 53 

CLASS:NETALLIZATION 

TRANSPORT out; soil WAFER. CASSETTE 

PERFORNANCE FA C-OR->• I C R J ii C S ·:): 1.0 0 OOOOE+O I 
SALVAGE OPTION:VALUE INS 

VCRJ~VCOC): loOOOOOOE+OO FCR)/F: loOOOIOOE+OO . 
---.I""N""Pr.U""T_U,..,.N"'"t"''t~s"':.----:.o -. -----..0-.--- o; ·-----·- -- -------- --- .. --- --

FLOOR SPACEtFT••2: Do Oo Oo 

DESCRIPTION:SCREEN PRIN1ING AND SINTERINE CO~DUCTIVE NETWORK-FRONT 

ASSUNPTIONS: 
-----r;--·ji-·ifiAI'IETER WAFCR't 12-1• NILS THICKtCJDOI ORIENTATfiit4'9P.;TYPE~-~-5· OH"•CNo 

2o BACK NETALLIZAT:ON PATTERW NUST BE SCREEN PRINTED FIRST. 
3. AG PASTE: s~.42lTROY ~z. = Sol743/GMt gol AGt WHEN AG COSTS S4.4~/TAOY OZ. 

DENSITY OF AG P•~TE=l.75G/CH••3• C31ol~=l TROY OZ.) 
2:1 RATIO FOF. I!IK THICKNESS TO POST FHJIIJG AG THICKNESS. 

•• FRONT AG Fit€ GP;IO: S:X co•ERAGEt 17 NI·:RONS THICK AFTER FIRINI>. 
5-~ FRON_f.BUS BU.: :.1 COYERAGCt 170 -MICRONS 1H1'c·ic-AFTER--FIRiNG. 
6o SCREEN PRINT & DRY SY'STE": 

JTEPI COST POWER CONHEIIH 
LOADER 10.~ JKII INSERTS ~FER IN10 PRINTER 
PRINTER .2.o4K - ]KII PRINTER -PPLIES FATTERN 
COLLATOR 10o0K JKW FORHS·P~RALLEL RCIIS FOR DRYER. 
bRYER --- ·-~-li'lr' 1iilfT-oRITS YNk_lO_ pf{f:~-£Nt siltARlNG. 
RELOADER 14o7K 1Kw RELOAmS WAFERS I~TO CASSETTE. 
CASSETTES 4.0< HOLDS WAFERS FOR PRINTER. 

TOTALS B3oB< 14KW 
••••••••NOTE: SJ25K ESTIN~TED FOR ADVA~CED SYSTEM. 

7. SCREEN PRINT & FIRE SJSTEH: 
ITEM - tosif ____ F=own 
L.OADER 10 • 7< 1KW 
i.>RINTER 24o4< . .' lKII 
•:OLLATOR 10.0~ lKW 
t)RYER 20 oil< 10Kiil 
=uRNACE 45oO< 15KW 
ftELOADER - [4~7<---·--u<·~· 

CASStTTES 4oO< 
TOT~LS 128.6< 29KII 

c:o;H.-O.ts 
INSER~S ~AFER JNTO PRINTER 
PRINT£R .APPLIES PATTERN 

'FORHS PARALLEL RO~S FOR DRYER. 
DRIES INK TO PREVENT SHEARING.· 

-SINTE-P..S PATTERN AT 550 Co 
RELOA)S WAFERS INTO CASSETTE. 
HOLDS. WAFERS FOR PRINTER. 

••••••••••NOTE: S200K ESHHATED FOR' AD~ANCt~D SYSTEJio 
9. BELT•>CASSETTE LOADER CAN DO 6000 WAFE~SIH~. 
9. SCREEN AT S2:St I£PLAC~D 3 TINES PER OA'I' FO~ FINE GIIIDo 

SCREEN IS REPLAci:D---2· tiifES PE·R· DAY F.OR BUS BAR SYSTENo 
SQUEEGES AT $.40t REPI.ACED ONCE PER HOJR. 

Figure 26. Process parameters - front ~etallizati~n. 



PROCESS PAR·A~Ef(ifsTTHICIC AG METAL-FR,ONT:AUTO __ _ -- ----------.0"'47/;--,18"'/,-:;7""7------.-.09'":-.,.571-:-:: 2....,4,.......P""AG""'E,......,.5.,..3 -:.1:----

. PROCEOUR~ 
1. OPERATOR LOADS CASSETTE FRO~ BACK METALLIZATION STEP INTO LOADER. 
2. SCREEN PRINT. & DRY SYSftR APPLIES FINE GiiT0-.------- ---. ---·-··-·-· 

D~TICAL SCANNER VALIDATES PJTTERN. lOX REJECT ~STI~ATEo 
--::3,..-.------:0-:P.,:.E.;;-RAfOR LOADS CAS-S-ETTE FOR SCREEN--i>RfNt· & -FIRE SYSTEM. 

4. SYSTEM APPLIES FRO~T BUS BAR & FIRES. !SEPARATE PRINT STEP NEEDED SINCE PATTERN IS THICKER THAN FINE GRID.) 
OPTJo:AL SCANNER- VA"i:-IDATES PHTERN 9.EFORE--FIRI!IlG. U B'JS BAR R~JECTS ESTI~ATEti-. 
REJECTS ARE LOADED INTO A CASSETTE BY BELT->CASSETTE STACICER FCR REWORK • 

.. ·--··· -- - -·· 

I~V~ST~ENH 

Ii'WES''flitr;T NAME MAX • THR-UPUT UNITS X INPUT UNITS PROCESSED 
11l.OX 
111.0X 
11loOX 
10i.OX 
101.0X 
101.0:11 

F IRS T c·o S .,.T ---;A"V"'A"I"L-.-,A"R"'E"A'"t"F"T:-::*:-:::*-;;2;------------'--
SCREEN PRINT & DRY SYSTEH-2 180C.OO SH/HP S 125000. BO.OX . 1600. 

-of>TIC-ACSCANNER -------Tlf~o.oo SH/HR s soooli'~-- ao.ox 16. 
BELT->C•SSETTE STACKER 1~00.00 SH/HP 
SCREEN PRINT & ~-n~C~''s...,trrE'""M.-:_:-.2;----.;-1-wB-ioii:o-=-.;;,oO 'SH/HR 

s 1sooo. eo.o:~~ o. 
s 21foooo.----5-P.'ll-o-'-. 'li-o li-t----t.-:f>"o.,o~.'------------

·JPTICAL SCANNER 1800.0G SH/1-'P s soooo. so.ox 16. 
-9rll;;;)C~~SETTE STACKER -----·--- 18~0.00 SH/1-'R s 1 c o o o • ----;ro;-o-x-- o. 

LA BOll 

NAME 
IDL=DIRECT LABOR P~RSONSITL=TOTAL 

LAECfR R£QOIR£po£NTS '!lASE 
SCREEN PRINT t r.PY SYSTEM-2 
SCREEt. PFHtJT"CFIRE SYSTEM-2 
SCREEN PRINT ~ ORY SYSTEM-2 
SCREEN Pll'l'fl 11. 'FIRE SYSTEI'I-2 
OPTICAL SCANMER 

~ PERSO~S/St<IFT/9ASE U~IT 

2oOOOE-01 
?.~OOE-01 
2.000E-01 
2.000':-01 
1.000E-02 

LABOR PER SONS) 
THRUPUTIH~R,/~P~~~R~s~ouN--~~-rtNmP~U~T~U~N~I~f"S~P~R"O"t~t~s~s~t~o;----------

HOURLY C•PERATOR 
HOURLY OPERATOR 
"!AINTENt.NCE 

---MA'INTENt.NCE 
:-lAINTENt.NCE 
"OR£MA!Ir. 

O:XPE~S£ NAME 
-t:LTITR I C. I TY 
~LECTRIC:ITY 

---n.n·Tlfl CITY 
SC REE:IJS 

--s-CREENS 

DL --_-----

--- · -·-umuAL 
<'!liED PART 

-· -· -~~~-·- .. 

c.o . ---------r.o--~- --
c.a 

-·- "t. 0 
S(lUE'~GEES C. C 

--"S111J':'EGO:ES ·-t. ~---
SOLVENT·li~K ~.~ 

-----s-:l"CVE'J T- I N K 0 • G- .... 
Ti-i!:R~OC'JUP-LE tETC. c.c 

-iH!l\MOCOUPLE:tETC. -----·n.--c 
INK AG-FMD~T ~INE GRJD o.o 

--,~R--- A'G;.FRONT_ FINE GRH' LCSr-·lr.li 
WK At::-FR~rJT E>US BAR O.C 

~;;'=F'RONT SU~ ~AR L("'5T------r.lr·-· 

VARIABLE PART 
1.400E+01 
2.930!:+01 
.1oOOOE-01 
2.~AO"+~Q 

1.920E+OO 
4.DOOE-01 
4.00GE-~1 

1o440'C-01 
1o440E-01 
b.O&Of-C4 
6."G0E-04 
;:~.~2ot-o~ 
1.600[-(;3 
B .9500::--0! 
3. HOE-D~ 

Figure-26. 

1.000E-01 

SUPPLIES/EY,~NSES . --·-·-· ··-·- --· -·-·· 

UNITS RASE 
KWI-'. PER AVAILABLE IN VE S THE"'ff-"ff01Jl<ll'F ... St'RE"t"fr P R 1 NT i DRY SVSTEP-2 
KWI-'. PER AVAILABLE I !\:VESTMENT-HOUR OF SCREEN PRINT & FIP.E SYSTEM -2 

'KWH. "E:R AVAILABLE PIVEStM£'lt-ROOR OF OPlitAl SCANNER 
s PER AVA IL_.B LC: INVESTM~NT-HOUP. OF SC REE'-1 PRihT & DRY SYSTE"-2 
s PEII AVAILABLE INVEST!'ENT.;-mnJR OF SCREEN PR !Nt g; .FIRE SY STE't-2 
$ PER AVAILABL~ IIIIVEST"~'IIT-HCUR OF SCREEN PRINT & DRY SYSTEM-2 
s D[R AVAILABLE l'JVES TMEi'-11-'l'fU:llf ·or "SCREEN PRINt g F [I([ SVStEOI-2 
CM••:r PO: I! I \I PUT UNIT • :r UNITS= 111.0:0: 
CM••3 D(ll INPUT UNIT. or--uNit!!= BI.ox 
s P~R 1\IPUT UN IT • ... UNITS: 111 .o% 
s PER I II PUT U'IIT • ~ u~JITs=--·-r:n;o" ·· 
s D:;p I'll PUT UNIT • "' U'-IITS= 100.0% 
s P::R INPUT UNIT. 'I' UNITS=' -----Tr.'Cl lC --·--
$ P::'l I II PUT UNIT. ~ UNITS: ll.lO .0 X 
$ PoR I"PUT UNIT. " O"lr IS= J.O x :~ 

(Continued). 
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ESTIHATt ouE:'o2tOSi77 !IV :wERNER KERN• X2094-~·-Rci Lies~ o3-076 CLASS:METALLIZATION 
CATtGORY:PP.'OCESS DEFI'<ITION TECI'INOLOGY LEVEL:FUTURE MATERIAL FORH:3• WAFER. 
I NP u T uNIT : SHEETs oUTPuT UN IT : sHE£ T s - ·--··· -· · · · -- TR A 111 s P OR i' · ·IN-: 5o o- -~H~E:-:E~T~·-::c-;t.~s!,-s~E =-T T~E,----:T:-:R-A"'"N""'s""P"'"o""R "'"T -o'"'u-:T:-:_s_o_o_s-H""E"'"E "'"T -c.:..A_s_s_E_T_T..,..E 
PROCESS YIELD: 9~.0% YIELD GROWTH PROFILE: C 
INPUT UNIT SA[V.iGE-FACTCR: 0.0 FACTOR GPil: C 
PERFORMANCE F.A_{;TORS:-:.II.R)/1 CSC): loOOOCOO_S:.~90 

SAlV~GE OPTlON:VALUE iNs 
VCR)/VC~C): 1oCOOOOOE+OO F~RI (F: 1 oOOOOOOE+CO 

INPU- UNITS: Oo !J• ·--·-~~ 
--:F::-:L~O~O:-:;R~S~P-7A.;,C;:-[~FT .,.. 2: - --....;0;-;.'-----..t::o'-'.'--- 0 •· 

DESCRIPTIO!.I:!SCJU:EN PRINTI~G AND SINTtRiNG CONDUCTIVE NE.T'JORK-BACK 

AS SUMP TJONS: 
lo 3" DIAH[TER 'JAFEt, 12-14 MILS THICKtC100) OR:OCNTATIONoP-TYPEt 1-5 OH'4-CHo 
<!o BACK METAi..LiZAThN PHTERN MUST BE SCREEN FRl.NTtC FIRST. . 
3. AG PA_S_![: ~.'+2f~RC·Y._Q?• : Sol7'1~.~~~· ROX AGto WHEN AG CI'STS Ho40/HOY oz. 

DENSITY OF AG PA:TE=!.7!G/CH••!. C31o1G=1 1ROY OZ.) 
2:1 RATIO FOR INI THICKNESS TO POST FIRING AG THICKNESS. 

__ .. __ NOTE: SPilLS THIINEST UNE FOSSJel£:. WIDTH GRlEATER THAN OR EQUAL TC 4 TIMES THICKNESs:-·---·------
'+• BACK AG GROO: 25: CO~ERAG£, 8.5 I'!I~OI'IS THICK AFTER FIRI'-";• 
5. S_CREE~{.PRiii.T P. F:Rf-SYSTEf'l: 

ITEM COST POWER CO"HENTS 
----LOiOER 10~~-li(T-- fNSi::RTS ~AFf"R INTO "RH:H"!> 

PRINTER 2'+•'+~ 11f~ PRIJhTER A~>PLIES PATTERN 
--· --C'OLLATO~~ 1D.oGK·---.. ·---u<il- .FORP'S PARALL!EL ROWS FOR DRYER. 

DRYER 20o~K 1CKII DRI~"S H/l< TC PREVENT SHE.ARIII!u. 
--~F.,..;UR=-7.-NA~CE ·4~: C K 15K II -SiNT(RS PATtERN .AT. 550 C • 

RELOAD!:~ 1~o1K 1K~ REWOADS WAFERS II'ITO CA~S~TT~.· 
-----C'A"SSETTES 4.CK ·-·--....... - .... - .. HOlDS WAFERS FOR PRINTER. 

TOTALS :2a.EK 29K~ 
_ .... -.;-;-••••IIOTE: S2(UK E~Tif'IATi:O-FOR ADVAI'ICED SYSHIO!o 

&. BELT->C~SSETTE LOAD~F CAI'I DO 6000 WAFE~SI~P. 
1. SCRECril AT 123t AULACED 2 TI"lES 'i>t'R .IDAY. 

SQUEE,ES ~! S.4~, HE~LACED ONCE PER HOUR. 
--c;~ .. COST CF ~.~x Bt.cP: RnoRt(IGNo"'litli. 

9. ~IRI!I!G·OF EACK ~rf!:EC SO !"A!-~.~STE IS NOT RE:,MOYED IN CASE 0" FOOI'JT Gill!' REYCII:~·. 

I>ROC~DU~~ 

1. OP(iHfo~ LCAOS OSSrlTr"f'ROM PREV'iOUS STEP I~TO LOADER. 
~. SCREE\ PRI~T & F:RE SYSTE~ APPLIES eACK G~ID. 

---·oPr-iCAL SC~to.INEI\ "IALICAT(S-·PiTTERNo o.~J P[.JE:CTS REWORK[(). 
REJECTS ARE LOAC[O I~TO A CA~SETTE BY BELT->CASSETTE STACK£~ F~l! RE~ORKo 

----s-;. CASSETE TRMISFEIRED TO fRONT- METALLIZATION PROCESS. 
4. RE.J.~CTS ARE R~WCRI'ED ~ .. ~fSYCLC.Q!.. 

. ·- '1AX ~ T"RUPUT -Tr'i•iESTMENT N A~ E 
SCREEN P~I'T ! FIRE 

--:lPTIC.AL SC~to.~r,B 
SYSTE"-2. lf!OCoOC 

____2.lli:. >_~.A ~ S ~ TT E S TA C ( ~ F 
t&oa.oo 

_________ l_f!OO.O~ 

UNITS 
SI'I/I<R 
Sl'l/1<11 
S"lt'R 

I!IIV~!>TI":.·n~ 

'1: INPUT UNITS CI·ROCESS(D 
10 0. 5~ 
100.51' 
tro.s:r 

F IRH OST 
s cOOOJO. 
s ~OOJO. 

s l"O Ho 

--·-·- .. ---··- .. -·--------
.... -.. -- ---- .. -· -.. --·--·-.. -----

---. -· ....... _. _____ _ 
·------ ... ____ , ________ ...;,_ 

• _...f.O • C ~ 

Figure 27. Process parameters- back metallization. 



~ 
-...) 

I~AMt 
HOURLY OP::RATOR 
'~A INTEiii.~'i:£ 
MA I NTENA'ICE 
FOREMAN 

EXPENSE N~ME 

ELECTRICirY 
ELECTRICITY 
SCREENS 
SQUEEGC:Eo 
sOLVENT-I'NK 
THERMOCOUPLE,ETC. 
INK AG·t:Ai:K .:; RIO 
INK AG-I>ACK GRID 

LAElO~ 

LAEO~ RrGiUIRtl'tNT~-BlSE: 
fOL=OI~ECT LA90R g~~~ON~lTL=T~TAL LABOR PERSO~~~·S~l~nr-,~~~~~~~~~~~--------------

~ PERSONS ISH! Fi /BASE U~! lT Tl-iRUPUT IHHPE R sON %·INPUT ON ITs PROCESSED 
SCP.fEN PRINT ~ FIRE SYSTEM-2 
SCRlE'\ .PRINT 11,-F"iR£ SYSTEM-2 
OPTICAL SCANN~ ~ 

!lL 

2.000[-01 
2oOOOE'-01 
1oOOOF:-02 
1.000E-01 -----·----------...,.-----

Pmrii' SUPPLIES/EXgENSES 
FIXCO PART VARIABLE PART UNITS BAS!: 

- ------o;l)' . 2o900E+~l K\IHo PER. AVAILABLE I 'IVtS.fME'IT•HOUR OF SCREEN PRINT g FIRE SYSTEM-2 
0. ·) loOOOE-Cl KWH o · PER AVAILABLE INVESTMENT-HOUR 'OF OPTICAL SCANNER -------c;-;;--- lo920E+QO s PER AVAILABLE I !liVES T'ME"JT -tiOUR OF scREEN ·PR !NT & FIRE SY S TEM-2 
o.o 4oOOOE-Ol $ P!:R AVAILABLE J 'IVESTMOIT•HC UR CF SC REE'-1 PRINT & F'IRE SYSTEM-2 o.c lo440E-Oi 01**3 g::R INPUT 'U'flT~--rUfliTS= ioi.Oi 
OoD 6o060f-04 1 PER J"JPUT U."JIT • % UNITS= 101o0'11: --------0-.0------ lo280E-O? $ PER I'IPUT u !ill. i UNITs= iOO.ax ·· 

LOST ·. 0. 0 5o3BOE·C:< $ g::R INPUT U."J IT. 'I! UNITS= OoSI ···-------·--

Figure 27. Process parameters back metallization. (Continued) 



b. Outline of ~oaessing Sequence 

(1) Deposition of Mask Pattern 

• Screen print a: reverse metallization pattern of organic 
masking materiai on the.cell front side to protect 95° 
of area. Leave the cell backside exposed. 

• Pass the.w~fers through a drying oven to evaporate 
solvent matedal ftoiQ the masking materiaL 

(2) · Surface Cleaning 

• Immerse the wafers in mild oxidizing solution to remove 
organic impurities from the exposed surface without 
affecting the mask coating. 

• Rinse in deionized water. 

• Dry mechanically. 

(3) Sensitization and Complexing 

• Sensitize in bath of PdC12 (activator)-HF-cH1co2H. 

• Rinse in deionized water. 

• Complex in bath of H2o-c3H7oH (wetting agent)-NH40H 
(neutralizer)-NH4cl ~complexant) • 

. (4) First Plating and Mask Removal 

• Immerse in bath containing NiC12, Nali2Po2, Na3c6H5o7, NH4Cl, 
NH

4
0H, and H

2
o. . 

• Plate at 80°C for 45 s to deposit a P-containing Ni film 
of 500 to 750 R thickness. 

• Rinse in deionized water. 

• Remove organic mask coating by solvent extraction. 

(5) Sintering 

• Transfer the wafers onto conveyor belt and into furnace. 

• Expose to 550° to 600°C in an atmosphere of N2-H2 to 
create nickel silicide. 

(6) Nickel Stripping 

• Immerse in HN0
3

• 

• Rinse in deionized water. 

• Apply light oxide etch in HF-NH4F-H2o solution. 

• Rinse in deionized water. 

(7) Second Plating 

• Re-immerse in nickel plating bath to deposit 0.3 to 0.5 ~m 
of Ni (P). 

• Rinse in dei·onized water. 

48 



(8) Fluxirtg ~nd Solder Deposition 

• Immerse in flux solution. 

• Drain, dry, and preheat the wafers. 

• Introduce into 5% Sn-95% Pb solder bath at 350°C. 

• Hold in bath for an optimal residence time. 

• Withdraw at a controlled velocity. 

(9) Final Cleaning 

• Remove flux residue by immersion :ln ultrasonic cleaning 
bath. 

• Rinse in deionized water. 

• Dry mechanically. 

a. Cost Estimation- Estimates·of production cost were based on the assumption 
8 that 1 x 10 wafers of 3-in. diameter are to be processed in a three-shift, 

24-hour operation of 345 days per year. Unit batches of 1000 wafers would be 

processed automatically through the process sequence outlined in the previous 

section. Calculation. of the time requiretnents for each process step indicates 

that five separate production lines operating in parallel would be required, 
7 each line producing 2 x 10 wafers per year. Not considering the yield factor, 

cost per wafer has been computed as approximately $0.30, of which 64% accounts 

for materials, 19% for equipment, and 17%. for labor. The product yield is 

estimated ·to be no better than 95% due to the large number of process steps. 

It is quite obvious from these figures that this method of metallization is 

considerably more expensive than the screen-printing process, as had been 

predicted from preliminary estimates. 

3. Metal Thickness 

A central goal of the analyses performed under this contract is the maxi- . 

mization of the cost effectiveness of every step in module fabrication. The 

attainment of that goal requires the simultaneous minimization of cost and 

maximization of power delivered within the constraints that may be imposed by 

the technologies used. The analytic procedure described here provides a 

general, quantitative framework for such optimizations. This procedure begins 

by the careful characterizations of the two contributing factors to the $/W 

cost (a) the cost per unit area for every "step" and (b) the power loss asso­

ciated with each step. It turns out that the different characters of thes·e 
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two factors have a profound impact on the optimization. The no~ion of a 

succession of independent "steps" forming a complete module is vital; ex­

perience shows that many fabrication process steps are independent to the first 

order and that-those processes which interact strongly can be grouped into a 

single "step" that can analyzed as a whole. For example, the fine grid metal­

lization pattern can be optimized without reference to the junction character­

istics and the bus bar can be analyzed independently of the fine grid pattern 

under most conditions. 

This procedure is derived and applied to the important problems of fine 

grid and bus bar metallizations where the effect is dramatic. It is extremely 

important to maximize the performance of the system, and additional costs such 

as adding considerable Ag to recover a few percent of system performance can 

be cost etrective. Below w~ wlll uerive the criterion. 

These applications provide instructive design specifications and indi­

cate the generality of the basic approach. Among the other "steps" that may. 

be amenable to this type of analysis are the quantity and quality of the Si 

itself. 

a. GeneraZ Derivation - The quantity to be minimized in all cases is the 

total cost per watt 

!=K 
W G 

0 

cost per unit of module area and G :: output power per unit 
0 

(1) 

where K = total 

of module area. We first treat the co~L fa~tor and show the nontrivial re&ule 

that it may be expressed as 

n 
K = I: C 

.1=1 j 
(2) 

where there are ~ of t.he independent "steps" in the entire fabrication. prul!~s:s 

inaluding the silicon cost, and the C. are a set of ,effective step costs per 
J 

tmit area that are, in g~neral, not simply the indiv!uu¥1 stl!'fl r.nRtR. 

Equation (2) is proved by the following argument. Let D = total cost of 

fabricating A cm2 of complete modules that have cell coverage fraction $ so 
p 
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that ~A = total cell area. Then we separate the steps into two groups, those 
p 

involving the full module area and those involving only the cell area 

[ k k ki 

YJ D A n n-1 + +y for module = y-+ y y steps p n n n-1 n 

+~A [y. ki-1 kl 

YJ ••• yi-1 
+ .•. +y for cell steps p 

n 

where ki = actual cost/unit area of performing step i and Yi _ yield of step i. 

This shows the well-known impact -that each yield factor has on all preceding 

steps. Now we define 

kj 
for all module steps y yj 

cj 
n 

-
kJ 

~ y for all cell steps 
yj n 

(3) 

Since K = D/A , these definitions lead to Eq. (2) and show·quantitatively what 
. p 
the Cj are. To deal with any· individual step m, we simply subtract out its 

cost contribution per unit module area 

K1 
- K - C m 

Next we treat the output power density of the module G by relating it 
0 

to G, the power densi~y potentially available. 

G ;;;; FG 
0 

{4) 

(5) 

where F is a fraction that may exceed one, depending on the choice that is 

made for.G; that choice is quite arbitrary and might correspond to a 10% 

module efficiency or any other convenient value. The feature of major im­

portance here is that F is generally the cumulative product (not sum) of the 

individual step factors 

n 
F = II 

j=l fj (6) 
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where each fj must ·be self-consistently defined as the fraction of potentially 

available power that is actually obtained after step j. (These fj are the 

same as "performance indexes" in our. first report.) To deal with an individual 

step m we now must separate it by dividing by its performance contribution 

F' = !.._ - f 
m 

Now using these relations in Eq. (1) 

~ ~ ~o = ~G " F~G (K' f: Cm) = ~:G c :mC,.IK') 

where K - C /K' is the cost fraction of step m. m m 

(7) 

(8) 

Equation (8) shows a result of first importance: every step-efficiency 

factor f has its fraationaZ impaat on the TOTAL aost per watt. This is a m 
direct consequence of the multiplicative roles of the fj in contrast to the 

additive contributions of the cost terms. In phys-ical terms it says that any 

loss in power must in effect be paid for by making more complete modules. It 

follows then tha~ no step can be C?Ptimized properly by cons.idering only its 

own cost and performance; rather an equation of the form of Eq. (8) must be 

minimized. 

Next we develop the appropriate optimization condit~ons for Eq. (8). To 

aid in this we introduce the fractional power Zoss associated with any step 

Aj = 1- fj. Using this in Eq. (8) gives 

(9) 

This is the form in which we minimize the $/W contribution of step m by dif­

ferentiating with respect to any relevant variable of step m. It is clear 

that when such a derivative is set equal to zero, the prefactors K'/F'G always 
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drop out since by definition they .cannot contain the variable of step m. Thus 

only the terin in brackets in Eq. (9) need be minimized. It is trivial to show 
.. 

that the condition for minimization is 

(10) 

where x represents any appropriate variable for step m. In nearly all cases 

that will be acceptable we will find that K << 1 (i.e., C << K') and _ m m 
A << 1. Then we obtain the simplified approximate relation 
m 

We note also that in this ,approximation 

and we can set K' ~ K and F' ~ F. 

(12) . 

This is the general procedure. It can be applied to every fabrication 

step for which there is information enough to evaluate both K and A. 

b. AppLication to Front Metallizations - The optimization procedure described 

above is now applied fi-rst to the bus bar. and then to the fine grid on· the 

front of solar cells by finding the optimum geometry for each that minimizes 

the cost/W. We make use of a fortuitous result for these metallization steps: 

~' the cell coverage fraction of the module, ~ 0.83 and the product of the 

~~tim~ted yields for all steps followtng metallization is ~ 0.87 so that in 

Eq. (3) we find that C ~ k • Furthermore, the metallization process to be 
m- m 

evaluated, screen-printed Ag, has a cost that can be expressed as C ~ h + av 
m ·- m 

where the contribution h is in~ependent of the amount of metal (it is basically 

machinery and handling costs) and v is the volume of metal used, with a an 
m 

appropriate coefficient. So differentiating as in Eq. (11) with amount of 

metal as the variable, causes the term h to drop out and only the metal cost 

need be evaluat~d in C , hence K • m m 
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The metal cost/cm
2 

= pvm/A whe~e p = price/cm3 of metal in its final con­

dition (i.e., after firing) and A: cell area. But v = ta = tSA where 
m m 

a = area of metal, t = metal thickness, and S = shadow fraction of metal on m 
cell. So 

J,' 

C = pSt m 

K = pSt/K' 
m 

(13) 

(14) 

Before proceeding to specific power loss evaluations we note that our 

calculations have been revised to optimize the $/W for perfo~nce averaged 

over a day rather than just at solar noon. This r~duces all resistive losses 

by a factor of n/4. 

First this optimization procedure is applied to the bus bar; we limit 

consideration to a single, central bar for simplicity. It has already been 

shown in Quarterly Report No. 3 [1] that when the fine grid line length i is 

determined (by cell size, for example), the treatment of the bus bar becomes 

independent of the fine grid oesign. For the bus bar the only sources of loss 

are the shadowing and resistive drop of the metal; it can be shown that there 

is no way of simultaneously optimizing both the metal thickness and the shadow 

fraction of the bus bar. This can be seen physically by the recqgnition that 

minimum loss for any metal volume would lead to zero shadow fraction (i.e., 

bar width) and infinite thickness. Therefore, one additional constraint must 

be imposed on the problem. We choose this constraint as a condition that will 

give the thickest line that seems printable. (The bus bar will have to be 

printed separately from the fine grid although they can be fired together.) 

One way of achieving this thick-bar condition is to require that its thickness 

t 2 always be 1/4 of the iine width W. (Since the thickness shrinks roughly in 

half during firing, this represents a thickness/width ratio of ~1/2 at the 

printing, a reasonable upper limit on t 2 .) 

The shadow fraction of the bus bar is s2 = W/teff = A/L with L - bus bar 

length. Thus, since W = 4t2 

(15) 
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and from Eqs. (13) and (14) 

Km = 4pt;/K'R.eff 

so that 
di<m 8pt2 
'(ft" =; K' R. 

eff 

The fractional loss is the sum of shadow and iine drop 

. J Pm 1 2 
A = 8 2 + v ---m s2t 2 3 

" .. 

where Pm - metal resistivity. 

dA 
m 

dt 

Now invoking 

optimum bar 

8p 

4 
R. . eff 

the optimiza,tion 

thickness: t 2 · opt· 

K' R.eff 
. t . 

2opt 
+~· 

R.ef~ 

. 4t2. p 2 
+ J ... ·m L = 
~3 

R. 
R. eff v eff 

t2 

Then 

condition (11) we obtain an equation 

1 (~ Pm 
L2< ) 0 6-:- = 

t3 eff 
· 2opt 

(16) 

(17) 

(18) 

(19) 

(20) 

for the 

(21) 

which must be solved numerically. For a 7.6-cm (3-in.') wafer, L = 7.6, R.eff 

6 em. We take also J/V = 0.05 (fl-cm2)-1 , p = $L30/cm3 and p = 3.-2 x 10~6 
2 m 

n-cm .for- screen-printed Ag and K' = $0.01-25/cm (rv$1/W). This leads to t
2 opt 

150 ~m so that W ~ 0.60 mm_and s2 = 0.010. The total ,fractional loss due to 

the bar is evaluated now by Eq. (19) giving A = 0.03 while Eq. (17) gives 
m 

K "" 0.015. 
m 

Next we treat the fine grid pattern using the same basic approach but we 

find the problem significantly more complicated because. there are four power-

loss terms aside from the cost term. First we note that C and K are given m m 

= 



by the same relations as for the metal of the bus bar, Eqs. (13) and (14). As 

shown in Quarterly Report No. 3 [1], the fractional power losses are given by 

(22) 

where w = the fine iine width, p : Si sheet resistivity (n/0), pc = wetal-Si 
82 

specific contact resistance (n-cm ). (We have transformed the formulas of 

Quarterly Report No. 3 to express all the losses in terms of S rather than the 

line opaoins d.) We fb: w = 125 lJm as the minimum printable width. 

Now the minimi~ation of $/W requires that we optimize both t
1 

and s
1 

simultaneously. (In contrast to the bus bar case, this is possible h~re.) To 

do this we use the form of $/W given by Eq. (12) and minimize (K + A ) with m m 
respect to both.variables t 1 and s1 ~ Partial differentiation of (Km +Am) 

with respect to t
1 

gives, when set equal to zero, the first condition 

tlopt - s~ § (23) 

This has the important consequence, when substituted into (K + A ), that m m 

Km(cost fraction) = line loss fraction= ! ~ 
They are t~us independent of s1 an t

1 
so now differentiation of (K + A ) with m m 

respect to s
1 

gives the surprisingly simple equation for Slopt 

(
J ) - -'- p v ('. s 

lopt 

J p w ( 2) - v +- 0 (24) 

This is a remarkable result in that the optimum shadow fraction is independent 

of the meta1 resi~:~tivity, length, price, and thiia module c.(u~t. In fact, when 

pc is small (~10- 3 n-cm
2

) 

s = 
lopt 

1/3 

so s
1 

varies as the cube root of Ps· 

(25) 
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The metal thickness, given by ~q. (23) once s1 i.s found; is the only place 

where the costs and other parameters of the metal are found. Other useful 

consequences of these results are that varying the cell size has no effect on 

simple linear effect on t 1 through t. opt · Slopt and a 
Taking 
2 -1 (Q-cm ) 

again the example of the 7.6-cm wafer, with t = 3 em, J/V = 0.05 
-3 2 and p = 50 Q/0 for the Si, p = 10 Q-cm and using w 

s c 
125 ~m, we 

find s1 = 0.040. Then using the other parameter values given after Eq. (21), 

Km = 0.007 and tlopt = 16 ~m. With these op~imized values of t 1 and s1 we can 

readily calculate A 0.068. (This entire optimization and evaluation is . m 
performed numerically with a straightforward computer program.) 

Combining now the optimized contributions of the fine grid and the bus 

bar 

).. 
Tot - 0.068 + 0.030 = 0.098 

(26) 

= = 0.007 + 0.015 = 0.022 

so the performance penalties far outweight the cost contributions. These terms 

are to be used in Eq. (12) to evaluate the cost/W contributions of the two 

metallizations under optimum conditions. 

An illustration of the use of these results appears in Fig. 28 for 7.6-cm 

wafers with total module cost per W as the independent variable. The lowest 

curve shows the cost of the optimum amount of Ag to be used as the module or 

system cost changes. It can be seen that for more expensive systems, it is 

worthwhile to increase greatly the·amount of Ag to obtain a gain in performance. 

Another use of these calculations is in connection with the question of 

how large should the individual .cells be; this will become an important question 

as large-area sheets become available. Apart from any other considerations, it 

is clear qualitatively that as cell size increases, resistance losses will in-
2 crease and the amount of Ag needed per am will increase. It is necessary 

therefore to. determine quantitatively what impact thos·e increases will have on 

the $/W because they .. willhave to be·offset by potential benefits in handling 

fewer cells. (e ~·g., fewer intercormections ·in the module). We have calculated 

the vari·ad.on i~. opt~mum $/W as a funcdpn of .·~ell size, using as, reference a 

$1/W module with-7.6.,-cin '(3-in.) cells. The results shown in Fig. 29 indicate, 
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Figure 20.· Effect of Lutal mod~le cost in $/W (ploreed logarithmically) 
on several front metallization parameters of 7.6-cm-diam cells. 
with screen-printed Ag lines having straight, parallel sides. 
The curve (A + K) is obtained from totals like those in Eq. 
(26). 
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Figure 29. Calculated penalty in $/W due to optimized cost 
and performance contributions of combined fine 
grid and bus bar on cell front as a function of 
cell size. The penalty is shown as a change 
from a reference module cost of $1/W for all 
cell sizes with the zero arbitrarily set at the 
3-in. (7.6-cm) wafer. 

7 

for·example, that an increase from 3- to 5-in. (12.7-cm) wafers requires that 

4% of the $/W must be gained elsewhere in the fabrication just to compensate· 

for the penalty arising from the front metals alone; the back contact metals 

will undoubtedly add a few percent more penalty, but there is not sufficient 

information available now for the quantitative evaluation. In our cost 

summary we have·used the same amount of metal on the back as on the front. 

See Sec:t:i.on V for. .3 discussion of cell size implications. 
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H. JUNCTION FORMATION 

Ion implantation is now a well-established process in the semiconductor 

industry. Its application to the fabrication of solar cells has been success­

fully demonstrated with reported AMl efficiencies in the 10 to 13% range 

with higher efficiency expected in the near future. The major advantages of 

ion implantation applied to high-volume production of solar .cells are control, 

reproducibility, and the elimination or reduction of wet chemicals and gases 

required by other junction-formation processes. 

In this section, a broad outline is given of a proposed ion-implantation 

process capable of the high throughput required for large-scale, low-cost 

solar cell production. 

First, it is assumed that advances in the development of ion implanters 

will result in implant machines capable of producing 10-mA beams of both n and 

p-type dopants in a sequential operation. This is not an unreasonable assump­

tion since production machines are now available which can deliver more than 

2 mA of phosphorus. A 10-mA machine could process approximately 100 cm2 of 

silicon area in 1 s, which approximately equals the area of both sides of a 

3-in.-diam wafer, so that 3600 wafers could theoretically be implanted in 1 h. 

This calculation assumes dose requirements of ~i x 10
15

cm-2 o~ phosphorus 
14 -2 

on the top side and 5 x 10 em boron on the backo 

Since material consumption is low using an ion-implantation process, major 

cost reductions can be achieved by maximum use of automation. The system 

described here processes 2000 3-in. wafers/h, a reduction from the 3600/h, 

allowing tim~ for beam scanning and beam loss at edges. A schematic block 

diagram of one possible embodiment of such a system is shown in Fig •. 30 •. 

In this system wafers are manually moved to the implant station in two 

500-wafer cartridges, and one is automatically transferred to 50-wafer cas­

settes. The two input chambers are air-locked and operate irt "push-pull" 

fashion so that no time is lost during transfer loading from cassettes to the 

platens. The platens are designed to hold several wafers during implant and 

to provide for a masked implant (planar junction) on the active side of the 

cell and a full-area implant on the reverse side. It is assumed thaL Lhe 

input chamber pump-down time is 1 min. The platens then move, belt driven, 
. . 

from either chamber to the beam slit and are implanted from opposite sides. 
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~TRANSFER TO 
Ill···· Ill· 25-50 WAFER 

CASSETTE 

CHAM~~-Q 0 
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CASSETTE 

l TRANSFER 

~ · llL;,·z;J~ 
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Figure 30. Schematic block diagram - ion implantation and 
junction formation. (Transfer to silicon boat 
must· include Hipping wafers so that like sides 
face.) 
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::sTIMA-;:~ DATE :o:/12 177- -~y :RCA E~Tl'IAT~S CLASS:ION IHPLANTATIO~ 
CATEGO~Y:P~OCES5 DE~l~ITION T~CHNOLOGY LEVEL:FUTU~E 'IIT~RIAL FO~H:~• ~~FER. 

-f~'Puru\ I·T: SHE£- S ... --- OUTP LIT- ii!;: IT: S~n:.TS TRAI\JSPOR T IN: 50 0 St-!:ET C~~ SE fT,;.E:-----,T:-:R,-A'"'N'"'S""P:-:0:-:Rc:T,...,.,O"""u"'T,...:""'s'"'I'""L""'I""'C"'o""N-:-B.,.O.,.A"'"T __ _ 
~ROCESS YIELD: •9.0~ 'IELD GRO~TH P~CFILE: ~ 
INPUT-UI'IIT" SALV.GE =iictc·;;:·:-··a--;c·- FACTC.R GP~t: C· SALVAGE OPTION:=R~CTIO~ ~F [NPUT UNIT VALUE 
"'ERFOR_IIl_ANCE F AC rORS-1 I R) II __ ~~Q! --~ .OC HOOE+ 00• VIRl/VIOC): 1,00~000"+00 F[RliF: 1!000000E!,I!_Q. ___________ _ 

o. 
o. 

c. 
o. 

. ---------------
ASSUHPTJO~~: 

lo PROCESS F~LLJWEO ~y DIFFUSION STEP 
2o DOUSLt IMPLA"JTE·R;:---CN<:: IMPLA~TE!l 1'"(1·~- EACH qDE nF ~AFEPo 
:5, FRO,,T UDE o= ONE loAFER IMPLAI>ITED 5IMUL'TIINEOUSLY '.liTH BACK SIDE OF A SECOP.:D .oiAF~-~·------
3, 10 ·;~LIHIN o= CCCJLr"NG liAT!:R u·-~o· ·)£G. c. NEEDED PER IHPLA~TER. 

"RCCF:DUI>~ 
. ··---------.,.-----------

lo CARlRH•GE FEID S'I'STE~ FEEDINt; J~PU"JTER. 

2, FI~S'TfMPLArfl'(R FEEDS SECOI'lb IHPLANltR "FoP. BACK SIDE IHPLAf-JTATION 
3o SECOND IMPLAI-IT£11 UNLOADS DIRECTLY INTO s:LICON DIFFUSIION !'OAT. 

ALfi:R:IA. T£ Wllt'ER~ ARE FLIPPED DUF.I~·i; LCAD S!J Tf<AT LTKE SI:lE"S FACE. 

JNVEST.,E!IIH 
INVESTIIIEN- NAME 
ION IMI?LAl;TER ICl 

HAK. -HRUPUT UUITS 
Hco .ao· ·sttt~<R 

X INPUT UNITS PROCESSED FIRST :osT AVAIL. AREAtFT••2 

--:-ID""Rr-... 
HOURL~ OP~RATOF 

MAINTEl~AN:t" 
"ORE~~~ 

c.XPEN!i~ ~JIIro!E 

ELECTF:ICITY 

ltll'lO"fl R( QUI RE"E NTS -rfASE 
:o~ .. IMPLANTER<C» 

"TDt< IMPLANTERCCI 
DL 

ANNJAL 
~"tHo p~Jn' 

o.o 
LIQOIO N IT R1l tnr-·---. o.o 
FILAH(NTS/INSULATO~S 8oDCDE+03 
"'ATER -cooi"iN·c;. o.o 
ION S&URC£. GAS o.o 

1oo.ox s· 7ooooo. a:.ox a:o. 

LAEOR 
lDL=OIRECT LABOR PFRSONSITL=T~T~L LAEOR DERSONSl 

# PERSONS/S~IF7/BASE UNIT TH~UPUf7H~R~/P~~~R~S~O~N~~.,~I~N~P~U~T07U~N~I~T~S~P~R~O~C;E~S~S~E~D--
'IoOOOE-01 
1oOOOE-(ll 
1oOOOE-Ol 

SUPPLIES/EXPENSES 
VIIP.lABLE PART UNITS BASE 

4oJ00£+01 KWI'o PER AVAIL..A9LE H-'VESTMPH-HOUR OF ION IMPLANTER CCI 
i ~o o-or.··o·,.- c~••3 i>~R AVATWLE: iNvts THEil t -HouR OF ION IMPLANTER (C) 

o.o s PER AVAILABLE !~VESTMENT-HOUR OF ION IH~LA NTER ( Cl 
2o'+OOE+06 CH••3 PER AVAILAB(f INVESTHE~T-HOUR OF ION IHPLANTER!Cl 
2.2BOE+OO s PER AVAILABL[ I NVESTHE'H-HOUR. OF ION IMPLANTER I Cl 

Foff"lN"\It:i'tHE"t.T CR LABOR 8l sts, "rTicl:l~l ·;;Ail T • IS MUL TIPLIEO BY NO. OF BAS.CiiNHS PRESENT. 

Figure 31. Process parameters - ion imp-lantation. 
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CLASS!DIFFUSION 
CATEGCRY!PRJCESS DEFI~ITION TECHNOLOGY LEVEL!FUTURE ~ATE~IAL ~O~M!3" W~FER. 

~--UNIT: SHEETS ... OUTPUT ·uNI'r: SHEETS TRAt'SPOR T IN !SI L1 CON SCAT -----,T~R-A_N_S_P_C_R~T-O-U~T-:-~-0-0-S-H"""E""E_T_C.,..A_S_S_E_T_T_E_ 

PROC~SS YIELD: 99oOX YIELD GROWTH PROFILE: 0 
SALVAGE OPTION:cRACTICN OF INPUT UNIT V4LUE iNPUT UNIT SALVAGE FACTOR·: --~-.-0· ·-FACTO~ GP": 0 

~_?RMANCE FACTORS -11 R ll_I_C S.£l! .}.!.~00 0 0 OE +00 VCRl/VCOCl! 1.00000CE+OO FCRl/F: t·O~O~OO~O~O~E~+~O~O~-------------

:INPUT UNITS: 
~R-S.PA CE tF Tu 2: 

~0:..• ____ o. 
I). (j"~ . 

o. 
o. 

-DESCRC:iTION:DOPANTS ARE aRTV~!I'dO SILICCN BY HEAT TP.EATMENT IN FUR'-!AC~ 
I 

ASSUMPTIONS: 
3" DiiMETER YAFERo 12-14 MILS THICKoC100l ORIENTATIO~,P-TYPEo 1-5 OH~-CM. 
DJFFUSIOt. VIA ION .IMPLANTATION OROOP[O OXIDE. 
COlH STACK APPROACh CNOT CONSIDERED! NEEDED FOR MORE VOLATILE SOURCES. 

__:::..:_..;4:_.;0:...:_::~ilNUTE DIFFUSION TIME A- 1 ~00--C •.. AND 9n MINUTE PREPROGRAMMED COOliNG TO 750 c. + 10 MIN. HOLD AT I>OOC. + AIR· QUENCH. 
250 SILICON BOATS, EACH 12° LONG A~O 4• YIDE AT S550 EACH ~EEDED. laO W~~ERS/BnAT. 3 YR. LIFE. 

-:;:..!....~F~LI-:-Rfi.ACE HAS 12" E>EL·f, 15' HF:AT 7.iJii,-E:; '55' COOLING SECTION, 20' LOAD/UNLOAD 'iECTION •. "j·~O..!..!;F.;T-.-'=/.!.H.!..R!:...!.B~E--L:,.T_RA-TE"-.-----~~-~ 
ALTERNATE WAFERS MUST BE FLIPPED SO THAT LIKE SIDES FACE. 

___._:_;;.P::,-S;,.;lDE •. AND. N.;_S-IDE-OF WAFER MUST Bf EASfiX DIFFERENTIABLE. 
___.:._:_~1:..00::_ WAFERS I'-1 EACH INCO-MING SILIC.~-~ B~AT. 

PROCEDURE 
INCCMING IIAFERS liiTH. Dl FFUSION SOUR.t't ·A-PPLIED TO BOTH SURFACES. 
WAFERS HAVE BEEN LOADED INTO A SILICON BOAT BY PRECEDING STEP. 
SOATS ·PL"eE:tJ ti"IJ'Fo MCVING ettt FUR'-IACE •... 
DIFFUSION FOR 40 ~IN. AT 1rr00 c. 

-;::..:.....;F;;.,O~R.;C,..;C A"iR COOL OF IIAF-tRS TO ROOM TEMPERATURE • 
......::....:o.....=L~O~OER-FLlPPER TRAI'<S~-~-R_O_F _WAFERS I~TO 5~~ IIAFER 

INVESfM.ENT NAME MAX. THRUPUT-UNITS 

CASSETTE. 

INVESTME'IT~ 
lC INPUT ·uNITS PROCESSED---F--IRST COST AVAIL. AREAoFT••2 

LINDBERG FUR~ACE-12" EELT 9COO.OO SH/HR 
250 12";.:SILICCN BCATS . -------"""""9if"oo·.oo SH/HR 
CASSETTE LOADER-FLIPPER 3000.00 SH/HR 

lCO.OX S 72000. 95.~1. BOO. 
1 o o. o;: s · T3 7:.;;5;.;;o;.;;oc..:.'--.....;9,.;;5~ • .;o.:;,x ____ :::..::..o;..:... --------'---

10o.o~ s 2oooo.~·---9~5:::..::..·0~Y~--------~oc..:•c.._ ________________ __ 

LABOR 
---------------., D[ =liTR"E"t t· DBifR "J>~RSONS iTL :iTO 't"AL LA eo R """""P""E""R"""s.,..O'"'N"'S .,.., ----------------------~ 

,. PER S 0 N S ISH IF T /8 A S E U ~·IT .. !.~ ~~ P ~U...:.T~/!..:H.:.:R:...I:....P=.. r_ R=SO:..N:!........:li=-.I~N.:.;P..;U::...T:........:U:.:.N:.:l:...;T:...:S:......:.P...:.R:..:Oc..:C:.:E:.:S:.:Sc.:E..:D ____ __ 
- 1.000~+00 

I~AME LAE'OR REQUIR£!4ENTS BASE 
HOURLY OPERATOR . -i:.T\JDBE~G FURrJAC~-12" BELT 
MAI~TEN~NCE ·LINDBERG FURIIACE-12• BELT 1.000E-Ol 
MAINTENA'ICE . ··cASSETTE LOADER-FLIPPER •. 1oOODE-oi· 

_.;..F.::O~R::.EM:..:;A:..:N.:__ ______ .. -~D::.L ___________________________ ........ _ --· 
. . ~-· 0 00~-~-0_2 -----------------------------------

ANNUAL SUPPLIES/tXP!NSES 
EXPENSE ··--··-· ·-·· FixED PART VAR u·EiLE PART UNITS -- s.A·sr· ----NAME 
ELECTRICITY c.o 1.000E+02 KWH. PER AVA I U.BLE INVESTMENT-HOUR OF LINDBERG FURNACE-12" BELT 
WATtR-CC>:>UNG- a.o ·-·--··a~ otiiH:•-65 CM,;*·3· . fi"tR AVAIUBLE I NVE S TI'IENT •HOUR OF LINDBERG FURNACE•12" BELT 
IHTROGU' a. o '1.500E+07 CM++3 PER AVAILABLE INVESTI'IENT•HOUR OF LINDBERG FURNACE-12• BELT -- -------------

Figure 32~ Process parameters - diffusion. 
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ESTIMATE ·oATE:li2122/7F. e'i'-fE•hT·~··iCHM·A~,. •3201t RCA LABS, E"-321A .. . -----·-··- ----::C:-:-L...-A •::-::. s'""':'""'T"""'E" S::--.T.----

CATEGORY:PROCE5S CEFI~ITICN TECHNOLOGY LEVEL:FUTURE ~ATE~IIL FORM:3• WAFEI, 
I N> 0 t 0 N IT : SHEET s - 0 0 TP 0 T milT :·sHE E. T s T R A !liSP o~ T I N : 50 0 SH t E t i:U ;.;!:E~T;.;f;..E.--.....,..T R,..A..,N"'S'""P'""O"'R ... T--,OO""'f""!'""~'""· o""o....,.SH""E..,f"f,.....,.C"'"'A""s"'s E""'T""'T..,E,...-
PROCESS YIELD: 99oCX tiELD GROWTH PROFILE: ' 

----yr:u;u"f· ·uNIT SALVAGE FACt:ir<:··-o;o-·· FACTOP GPII: 0 
~ERFORMA~CE F~CTO~S-lCRl/IGSC>: loOOOOOCE+CO ----· ·------. 

INPUT UN:TS: C,- Oo 
-.,..F'""'LO""'O""R~SP-Ai:E,Fl'••2:: -· -·-·--.c.-,,------..o.·· 

o. 
o. 

SALVAGE OPTLON:~ALU~ INS 
VCB)/VCOC): loOOOOOOE+OO 

bESCRli>t"ION:PCST DIFf!'USICN ~-PdiNl'. PROB£: HSISTJVITT MEASUR~ME"NT:IOll SAIIIF·LEo 

ASSUMPTIONS: 
1• 3• OIAMETE~ WA~ERt ~2-1• MILS THICKtC101)_~RIENT~TTON,P-TYPEt 1-5 DH~-CMo 
2. lODX •JAF'Cil"""StH:~rRtSisTIVITY TtsT. - . 

--'-----·-- .. .. . ·- PROCE"OUIIE 
1. OPERATOR LOADS CASSETTE INTO MACHINEo 

FCR)/r: 1.0DOOOOE+OO ··--------··------------

2• WAF(RS AUTOI"ATJCALLY FE"J TO TEST "(Q"(JiPPIEN1o 
3, WAFEF.S __ SOR.~-~ .. .INTC MAGAZINE~. 

-. ·- ··---- ··------------------
INVESTMENTS 

l~VESTME~t ~A~E MAX. THRUP~t ON:TS . i HfPUT UNITS PROCESSED. f:iRsrcosT A\'AILo AREA,F'ilu2 
SILTEC II_AFER 50RTER:-PF._oe:.:E:__ ___ _:1~~5Dolll0 SH.'HR lOoOX S lSOCOCo ~0.01 200. 

LABOR 
----------nrc=tnliTIT"L"l!lll! ··pn~Ns:m:.-=lb"Tll-"""[l"B""Dll"'p"'£1!""'. sl'"lb'"N:n!s.-.::;----------------

N'AME LABOR RECUIREMENTS BASE I PE:RSONS/SHIFT/BASE UNH THRUPUT/MRIPEilSON X INPUT UNITS PROCESSED 
HOURLY OPEit"Holl ... S"I[fi~C IIIIFER SORTtR-Mt•E>t··- ......... 2.500£;.111 . 
IIIAINTEN~NCE SIL HC 11-'FER SORTER-F;~oE.E 2oOOOE•Ol 
FOREMAN ......... ·-··or leO""U"DE-01 

EXPENSE NAME 
£LEtTRICifl" .. 

ANNuAL 1Uwp~pcrl"E~sn7~Evx~PE~NmS"E~s.--------------------~---

FIXE"D P-Re VARIABLE PART UNITS .BASE 
o.b ··-s~O"ll""lr+OG . KI/H~ "l'EJr AVlTCllJLE 1NIESliMEHt-HOOR OF S1Litt IIAFER SoRttR-PRoBt 

Figu~. 33.. Process parameters - inspection. 



PROCESS PARAMETERS:SYSTEM •z• WAFER CLEANING 04/18/77 09:51:24 PAGE 2 

ESTIMATE OAT:::Ol/12177 BY:FRED MAYERt X6334t SOMERVILLEt ZONES----·----··- CLASS:CLEANING 
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL:NEAR FUTURE MATERIAL FORM:3• WAFER. 
1 NPUT UNIT: SHEETS OUTPUT UN IT: SHEETS TRANSPOR TIN :;S~O-;:O~S;7H;:-E*E~T-C;;-7A ='ss::E~T;,T~E;:----:T;-;R~A::-::N":":S:-::P::-;O~R:-;T;-:O::-U:-;T,-;:-:s,-;o-:O--::S":":H:::E:::E-:T--:C":'A'='s'='s=E=T=T=-E 
PROCESS YIELD: 99oOX YIELD GRO~TH PROFILE: 0 
INPUT UNIT SALVAGE FAC-OR: 0.0 FACTOR GP•: 0- ····-sai.\iA.GE OP-TIC,-~irRACTiO-N OF INPUT UNIT VALUE 
PERFORMANCE FACTORS-I I P. l /I I SCI: 1.0o~·OOOE+O~ -~ C~_yv COt.): 1._00.00 0 OE+OO . _fi.:.:Rc..::l_,_/_,_F_,_:--=l_,o.::cD.::cD.::cD.:.O.:.O.:.D..,_E..:..+.:.O.:.O ___________ _ 

INPUT UNITS: Oo ·o. 
FLOOR SPACEtFT••~27:---~0~.~---~0~.~--

o. _________ _ 
o. 

DESCRIPTION:'WAF(tfs- ARE CLEANED Ht SUL;URiclHYOROGEN PEROXIDE MIXTURE 

ASSUMPTION~: 
lo 3• DIAI1ETER WAFER, 12-14 MILS THICKtiHOl ORI£NTATIONtP-TYPEt 1-5 OH~-:-.~J'I! .... 
2. NOTE: DOES NOT REMOH PARTICLES COUST,SICICON--CHi-PS~E-TCoi . 
3• 500 WAFERS/TEFLON CASSETTE 
4. 1 TEFLON--BOAT --P-ER T/INK; 2 TANKS PER HOOD. 
5o 7.5 CYCLES/HR X 2 eCATS/CYCLE X 500 WAFERS/SOAT=75~0 WAFERS/HR. 

18 1'11N~·-ORYIN-G cY"ci.E IS LIMITING FACTOR.i . 
6. 1 JPERATOR REQUIRED FOR 2 HOODS. 
7o NOTE: SYSiEM COST ESTIMATED TO BE !30oOi~. $l~oriO~ Fb~ ~~CKUP~ 

_____ .. _!_OT.A L SYST~~ _COST =S45 tO 00 W IT_H. ___ B_ACKUP • 

lo TEFLON-t~SSETTE·~~i~~LLY INSERTED I~-TANK 11 MI~.l 
~. 7 MINUTES IN HOT CAROS ACID. 
3. AUTOMATIC. TRA~is-FER TO 1ST CA<;CADE RINSE,· g MINUTE RINSE. 

t>ROCEOU~>;: 

4. AUiOMATIC TRANSFER T1 2N~ & 3RD RINSES, E4CH ABOUT 3 MINUTES. 
5. AUTCII~ATIC TRANSFER .f:') HCT AIR TUi.JNEL. DRY ~'"OR B MI"'UTES. 

INVE"STME'IJT~ 

INVESTMENT NAME 
5 Y S T E 'I "fii. S T A TI 0 N i e)--

MAX. THRUPUT UNITS 
7500.00 SH/HR 

1. INPUT UNITS PROCESSED FIRST COST AVAIL. AREAtFT••2 
100.0X S -4~000. 85.0t 2CO. 

LABOR 

~E· LAE;OiCkEQUIREMEN_TS. BASE 
SYSTEM nzn STATJONCel 
S~iir~ •z• STATIONi~i­
CL 

IDL=DIRECT lABOR. "f.RSON<;lTL=TOTAL LABOR "ERS:_;;O;-;;N:-;S~l-;:-;:;:o;--'-;;-;-=;-;-;---:-:-...-;-;::--;;;=;:-;:-:;:-:::-;~-
a DERSONS/SHIFT/BASE JNIT THRUPUfl~i/P~RSON ~ INPUT UNITS PROCESSED 

HOURLY OPERADR 
'1A INTENA~fCE 
FOREMAN ------·· 

EXPENSE .. NAHE 
ELECTRICITY 
SULFURIC ""A(;y"c 
~YDROGEN PEROXIDE 
DE-IO~I}tD WATER 

5.~oo::-o1 

5oOOD ::-02 
5.1~0f-02 

ANNUAL SUPPLIES/E~o::NSES 
----~bP~in VARIABLE PART U~ITS BASE 

o.~ 3o500E+01 KW~'o PER AVAILABLE 1'-IVESTI'IE!IT-HOUR OF 
o.c 2o310E-Ol G'4. PEO I~PUT UNI'(~ ; UNITS= 100oOX 
o.c 2olOOE-Ol CM••3 o::tt I~PUT UNIT. ~ UNITS= 100oOX ----c~o- 1oOOOE+06 CM••3 o::P. AVA ILAeLE INVES"TME~T-HOUR OF 

Figure 34. Process parameters - Z •.vafer cleaning. 

SYSTEI'. •z• STATIONCB) 

SYSTEM nz n STATION I & ) 



Wafer feed can proceed in either direction, so that when the first 50 

wafers are done, the second air-lock chamber begins to discharge wafers. Im­

planted wafers then move, again belt driven, to the output chambers, where 

the wafers are transferred to cassettes and then to silicon boats. 

After implantation, junction annealing and drive-in are required. The 

silicon boats ride on a continuous belt through a multizone diffusion furnace. 

The time and temperature requirements tor annealing and dt·lvt!-llt will vary 

with the type of dopant used in the junction formation. A typical sequence for 

an n/p/p+ solar cell with phosphc;>rus and boron do.pants is 15 min at 1000°C 

with temperature gradients ·before and after the 1000°C hot-zone to allow for 

Rlow warm-~P. cooling, and annealing of the junction. 

'!'he process paralllt!LeJ:s for the ion-implantation ~tPp, il1 ffusion t:iteP. and 

inspection step are shown in Figs. 31, 32, and 33. 

I. PROCESS: Z WAFER CLEANING 

This process is designed to assure a clean surface on the silicon sheet 

before it is started through the automated array process. It consists of a 

hot Caro's acid immersion followed by three cascade rinses in deionized water 

and spin drying. 

Caro's acid is especially efft!ctive for eliminating any org~nir or. 

metallic contamination but does not remove particles such as silicon chips. 

This step may not be necessary depending on the condition of the incoming 

wafers. It is included to show what the costs of such a cleaning or etching 

procedure can be if the system is automated. Process parameters are shown 

in Fig. 34. 
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SECTION V 

EFFECT OF SHEET SIZE ON MANUFACTURING COST 

All of the analyses have considered 3-in. wafers since the most real­

istic projections could be made with equipment which exists to handle this 

material. In this section we will estimate the effect of increasing the 

wafer size to 5 in. 

In the most optimistic (and unrealistic) case, we will assume that there 

wiil be no increase in labor or capital cost per unit handled so that each of 

the processes produces 25/9 W where it produced 1 W before. The material and 

expense items in terms of $/W in general will remain the same. However, the 

metallization cost will increase due to the increased current-handling require­

ments. We have calculated the optimum metallization pattern based on an over­

all system of $1/W. The cost of the metal increases by $0.046/W. Figure 35 

is a summary of this comparison. It is important to emphasize that the per­

formance of these larger cells is poorer, even in the optimized case, than the 

3-in. cells, and, therefore, there is a penalty to pay at the system level. 

The performance is 2.3% poorer. Since the system is assumed to cost $1/W, we 

will add this penalty, $0.023/W, to the cost of the array module. In this 

"best case" analysis, the costs for array modules based on 3-in. and ·s-in. 

wafers are almost identical. 

A somewhat more detailed estimate is given in Fig. 36. In this case, we 

assume that the cassettes handling the larger wafers have larger spacing 

between cells and the wafers must be handled more slowly. It is clear that in 

processes such as ion implantation, the rate of which is beam limited, there 

is no change in the capital expenses. In each case we have estimated the re­

duction in labor capital, materials, and expense. Again we must add $0.023/W 

for the reduction in panel performance. There is an increase of about 10% in 

the manufacturing cost of array modules based on 5-in. wafers compared with 

modules based on 3-in. wafers. 

This result is due to the i.nte:rr.nnnect technology. In these panelc, the 

cells are interconnected with one contact at _the rim of the cell. In the 

event that numerous contact points are made within the cell area, the optimum 

metallization design will chang~ and this result can be reversed. We have 
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not analyzed the effect on panel design, panel life, and panel performance 

of these contacts to crossing the face of the cell: However, because of the 

enormous cost of the metallization step in the present configuration, such an 

analysis is surely appropriate. 

Materials & Expense 

LahuL' Overhead 
Int~rBst Depreciation 

System Performance 
Degradation Cost 

Final Comparison 

3-in. 
Cell 
($/W) 

0.152 

0.112 

0.264 

5-in. 
Cell 
($/W) 

0.198 

0.040 

0.023 

0.261 

Figure 35. "Best case" array module manufacturing 
cost Aummary, 3- and 5-in. cells. 

' . 
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Cleaning 

Ion Implantation 

Diffusion 

Metallization 

AR Coating 

Test 

Interconnect 
0\ 
\0 Panel Assembly 

& Packaging 

Penalty due to 
System Perfor-
mance Degradation 

TOTAL 

3-in. 5-in. 
Cell Cell 
(~/W) . ($/W) Notes 

0.003 0.002 Down linearly with radius 

0.029 0.026 Labor down linearly, rest same 

0.009 0.005 All linear decreases 

0.094 0.132 Labor down linearly, metal up by 4 .6¢/W, 

0.011 0.007 Material same, rest linear decrease 

0.•)12 0.004 Squared reduction in all costs 

0 •. 016 0.010 Linear reduction in all costs 

0.089 0.089 Unchanged 

0.264 0.275 

0.023 

--0.254 0.298 

Figure 36. Detailed ar.ray module manufacturing 
cost estimate, 3- and 5-in. cells. 
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SECTION VI 

FACTORY LEVEL OVERHEAD COSTS 

In none of the manufacturing cost analyses presen.ted above are factory 

overhead, distribution, advertising,, or profit considered. For the process 

~P.quence, lon Implantation (C) factory level overhead costs will now be esti­

mated. 

We have evaluated the factory level costs for two factories, one producing 

50 MW/year and the other, 500 MW/year. A summary of these evaluations, which 

appear as Fig. 37, is given below. 

.JO HW 
lli 

5tHJ~ MW 

Support Personnel 0.035 0.010 

Cassette Depreciation 0.002 0.002 

Heating, Lighting, and Air-Conditioning 0.004 0.003 

Insurance (building & all capital) 0.002 0.002 

Local Taxes 0.005 0.004 

Factory Depreciation 0.008 0.006 

Factory Interest 0.014 0.012 

Support Equipment Depreciation 0.002 0.000 

Support Equipment Interest 0.001 0.000 

0.072 0.039 

The manufacturing cost as a function of factory size is shown in Fig. 38. 

These costs are 

Total 

50 MW 
0.264 

0.336 

500 MW 
0.253 

0.292 

lt will ba not.i~ed that this entire factory and the capital equipment 

are financed by debt. In order to remove considerations of debt ratio (% ul 

Assets financed by debt) from an estimate of pt·uflt, W¢ will a&&l.!mP the fol­

lowing relationship: 

Net J;?rofit after taxes + after tax interest = 15% 
Assets less accumulated depreciation 

For this manufacturing facility, the before-Lax profit in the fjrst year of 

operations is then $0.05/W. 
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Assumptions: 
(1} 3-in. wafers 
(2} 15% cell efficiency, 0.717 ,W/wafer. 
(3} Overall process yield: 82.2% 

ION IMPLANTATION (C) 

(4} Cafeteria run by outside firm using company facilities, but food company personnel. No cost to 
factory other than cost .of facilities (depreciation, allocated interest, and taxes}. 

(5} 345 working days per year. 
(6} Two 12-h shifts per day. 10% shift premium for night shift. 

Work Schedule 
Four groups of personnel; two for night shift and two for day shift. Schedule is 4 working days, 
3 days off, 3 working days, 4 days off. 

Other schedules could also be inplemented. Salaried people work a 5-day, 40-h week. 

50 HW-YR 500 HW/YR 
INVESTMENT ~ $/W $/W NOTES 
PLANT: 

541<. ft 2 Process" 5400K 0.108 464K ft 2 
46400K 0.093 @ $100/ft2 

Offices lOK ft2 600K 0.012 l5K ft2 900K 0.002 
Cafeteria 5K ft2 lOOK 0.006 25K ft 2 l500K 0.003 
Array Storage 0.5K ft2 30K 0.001 4K ft2 240K 0.000 @ $60/ft2 

Wafer Storage lOK ft2 600K 0.012 lOOK ft2 6000K 0.012 
Chemical Storage lOK ft2 600K 0.012 lOOK ft2 6000K 0.012 
Maint. Sllops 5K ft2 30K 0.001 50K ft2 3000K 0.126 

.TOTAL 9"'. -~ ft2 7560K 0.151 758K ft2 64,040K 0.128 

LAND 160K ft 2 40K 0.001 1200K ft2 300K 0.001 
Parking & Receiving 60K ft 2 60K 0.001 400K ft 2 400K 0.001 
Office Equipment 2.0K 0.000 50K 0.000 
Purchased Material 50 0K 0.010 lOOOK 0.002 
Ins pee tion & Q/C 
Equipment 
Minicomputers for 2 250K 0.005 3 375K 0.001 
Payroll & HIS 1 week Caasattco JjOO J50K 0.007 35000 3500K 0.007 

production 
GRAND TOTAL 72,877K 0.458 133, 705K 0.388 

PERSONNEL 
PLANT ADMINISTRATION 

.FR<:tory Hgr 1 50K 0.001 1 80K 0.000 
Ass't. Hgr 1 40K 0.001 3 180K 0.000 
Secretaries 1 lOK 0.000 3 30K 0.000 
Receptionist 1 lOK 0.000 1 lOK 0.000 

IDdustrisl Relations 1 18K 0.000 5 75K 0.000 
Secretaries 1 lOK 0.000 3 30K 0.000 

Financial Services 2 60K 0.001 3 80K 0.000 
Secretaries 1 lOK 0.000 2 20K 0.000 

Accounting Services 2 45K 0.001 3 65K 0.000 
Secretaries/Clerks 4 40K 0.001 8 80K 0.000 

Computer Service 2 40K 0.001 3· 60K 0.000 
Computer Operators 1/shift 48K 0.001 2/shift 96K 0.000 

Purchasing 2 45K 0.001 3 65K 0.000 
Secretaries 1 lOK 0.000 3 30K 0.000 

FACILITIES 
Guards 3/shift 144K 0.003 15/shift 720K 0.001 
Maintenance 3/shift .200K 0.004 15/shift lOOOK 0.002 
Janitors 3/shift lOOK 0.002 lOhhift 80K 0.000 

Warehouse 1 25K 0.001 1 'K 0.000 
Material Handlers 3/shift 144K 0.003 15/shift 720K 0.001 

fllop9neary 1/shifL 60K 0.001 2/shift 120K o.ooo 

IDdustrial Engineering 10 250K 0.005 20 50 0K 0.001 

Quality Control & Pur- 5/shift 360K 0.007 15/shift 1080K 0.002 
chased Material Inspection 

Support People 107 1719K 0.034 314 5146K 0,010 
Oirect-LBbor-Proce;s----- l06 ____ 1s31i ___ o.o31 ____ 912 ___ 1J183K----o~o27 ________ _ 

Indirect Labor Process 46 726K 0.014 408 6529K 0.013 
TOTAL PEOPLE ~ 3976K 0.080 1634 24,858K 0.050 

EXPENSES 
Caoootteo. Dep;:. 
Heating & A/C 
Lighting 

··Insurance 
Local Taxes 
Factory Depr. 
Factory Interest 
Support Equipment Depreciation 
Support Equipment Interest 

Figure 37. 

Ill .SK 
ll3K 

75K 
115K 
2:lOK 
381K 
686K 
llOK 

69K 

0.()()2 
0.002 
0.002 
0.002 
0.005 
0.008 
0.014 
0.002 
O.OOl 

875K 
1065K 

600K 
1018K 
1942K 
3222K 
5800K 

204K 
128K 

Factory cost evaluations. 
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0.002 
0.002 
0.001 
0.002 
0.004 
0.006 
0.012 
0.000 
o.ooo 

4-yr life 

3W/ft2 
0.5% of asset value 
3% of plant aDd· laDd 
2~yr life 
9%. 
7-yr life 
9% 



.50r----------r-----,----r--,--~~-r~,----------,------r---,---r-~-, 

$/W 

(8) 

(C) 

50 
MW/YR . 

Figure 38. Manufacturing cost as a function of factory size. 

These estimates of the array module manufacturing cost, including factory 

level overhead have been done in considerable detail. In every case the finan­

cial assumptions have been made using data from a wide variety of oources and 

reasonable values reflecting the general industry have been assumed. This is 

RCA's estimate of the cost, not RCA's cost. 

For purposes of illustration it is interesting to assume a price for the 

silicon material which has not been included in any of this analysis. We 

assume silicon wafers are available for $20 to $40/M2. 

500 MW/yr 

Silicon cost $20/H
2 

$l10/M
2 

Manufacturing cost } $0.292/W $0.292/W + 
Factory level overhead 

Yielded silicon cost 0.162/W 0.324/W 

Profit 0. 50'•/W 0.05/W 

0. 504/W 0.666/W 
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We would like to assure the reader that the similarity between the goals 

of the LSSA program and these res~ts is completely coincidental. It perhaps 

bespeaks the wisdom of the planners ·who established the goals in the first 

place. A selling price of $0.50/W turns out tp have been a very meaningful 

goal. As further studies are conducted, this may turn out to be a transitory 

coincidence as even lower costs are achieved! 
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SECTION VII 

SHEET ALTERNATIVES 

Assessing the state of the technology for preparing single-crystal silicon 

sheet at this time leads to the same conclusions as we have found previously. 

Only wafers cut from Czochralski-pulled ingots will be available in the quan­

tity and with the quality required by the near-term needs of the Automated 

Array Processing Task of the Low Cost Silicon Solar Array Project. There is, 

however, the ever-present question of cost. In the analysis above, the wafers 

are assumed to cost $0ol6 to $0.32/W and the resulting solar cells are 15% 

ef.ficient. The effect of lower efficiency impacts the total system cost. If 

we assume that the total system cost is $1/W, a 30% reduction in cell efficiency 

increases the system cost by $0.40/W. Even if the material which provided this 

performance were free, there is still a net increase in the system cost. At a 

system cost of $0.50/W, such free material will result in a cost saving compared 

with the higher assumed price of wafers. It seems that 15% efficiency is a 

useful goal. Only Czochralski-pulled material and epitaxially grown layers of 

single-crystal silicon have been able to demonstrate cells of this efficie~cy. 

Ribbon techniques have made steady progress during the year. Cells in 

the 10 to 12% efficiency range have been fabricated in ribbon material. How­

.;mPr) hPfnre such material Will be suitabl~ fu.f the Automated Array Aso~bly 

Task, several further advances will be required. The included particle count 

must be reduced or the location at which the particles appear must be controlled 

· so that they can be removed from the active cell area. The residual strain must 

be reduced to the point where the mechanical stability of the ribbon wili be 

sufficient to prevent a high yield loss due to cracking. Also, the strain should 

be low enough so that the ribbon does not shatter on being cut or scribed to be 

divided into sections of a given length. 

I~ is t:he h:igh~r effll:ienc.y requirement \lhich will bw Ll&e illost rP.Rt:'l'ictivc 

for any silicon sheet forming technique. Such a high efficiency will require 

that the silicon be prepared from a very high purity Si02 container or one 

with which it has little interaction. Any .:!pped.able solubility of impurities 

74 



is going to limit the cell efficiency either through degradation of lifetime 

or degradation of junction properties. Even the recently reported high effi­

ciency cells prepared in polycrystalline silicon used a high purity grade of 

poly to achieve their outstanding result. Therefore, any technique in which 

the surface-to-volume ratio of the silicon in contact with a container is high, 

must be evaluated very carefully to assure that good cystallinity is. not 

being acheived at a sacrifice to bulk electronic prop~rties. 

At this time, methods which are "container less," L e. , ribbon-to-ribbon 

zone refining, regular float zone refining, or CVD, are either not fully 

developed or too expensive in their present form. 

Thus, only wafers sliced from ingots are presently available as starting 

sheet for array processing. Further, it would appear that with· new wafe~ing 

methods and cheaper poly, a significant reduction in cost of this material 

can be acheived. 
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SECTION VIII 

CONCLUSIONS 

As a result of an extensive and detailed examination of the present day 

art in semiconductor manufacturing we conclude that: 

(1) The goal of a selling price of $0.50/W for a volume of 500 MW/year 

in 1986 is attainable assuming $20/M2 for silicon sheet. 

(2) The most cost-effective panel design is a double glass panel. 

(3) The highest performance (for aging) panel design is a double glass 

paneJ... 

(4) Automated interconnectlon using gap we.1 rltng, ultrasonic bonding,. or 

spot reflow soldering are all cost effective. 

(5) Application of antireflection coating using automated spray-on equip­

ment is cost effective. 

(6) Screen-printed Ag metallization is cost effective although a serious 

cost component. 

(7) Several junction formation technologies are cost effective. Ion im­

' plantation has a slight advantage. 

Principal problam areRs are; 

(1) Maintenance of high cell efficiency at high yield. 15% with 82% 

yield was assumed in our aualys:i.s. 

(2) Achievement of high mechanical yield with automa~ed handling equip-

!!lent. 

(3) Development of low-cost screening inks which reliably provide low 

contact resistance, stable metallization. 

(4) Demonstration of reliable automated interconnect technology. 

(5) Demonstration of glass encapsulation techniques suitable for 20-year 

life. 

(6) Minimizing factory level overhead. Marketing, sales~ distribution, 

service, and warranty costs have not been considered. 
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APPENDIX A 

A. COST ANALYSIS PROCEDURE 

For purposes of cost analysis, the manufacture of solar array modules has 

been represented by a series of technological process. (See Appendix B for 

definition of terms). Each technological process must be described in terms 

of the following: 

(1) Incoming material requirements. 

(2) Value added - material, labor, overhead. 

(3) Equipment requirements as a function of production levels. 

(4) Process yield - ratio of output units to input units. (Note that 

this is a measure of physical ~ow~ not product quality.) 

After these parameters have been provided, alternative manufacturing 

processes can be defi.ned in terms of a subset of these technological processes. 

For a specified level of output (measured in megawatts), cost data will be 

provided for each technological process and the total manufacturing process. 

The following problems arise even in this simple cost model: 

(1) The electrical characteristics of the output of two alternative 

technoloKical processes may ·differ. 

(2) The quality of two alternative processes may differ. 

(3) Synergistic effects of combining various processes may 

need consideration. 

In the initial model implementation, the material input to any technolog­

ical process i will be Mi units. If yi is the process yield and ri is the 

number of input units constituting one output unit (e.g., 7.35 g per wafer), 

then the outpu'C Mi ot this process will be (M/ri)yi.· The number of input units 

scrapped in the process will be Mi-Mfr i = Mi(l-yi). 

Figure A-1 depicts a technological process used in the manufacture of solar 

array modules. Mi inco'{lling units valued at $Xi per unit are processed. Direct 

material, direct labor, and overhead increase the value of each unit to $Xi'· 

M ' units leave t.he process and enter the next step; .the remaining input units 
i 

are scrapped, with the salvage value being used to reduce process overhead. 

The average output unit cost X ' is determined from process cost information, 
i 

as shown in Appendix C. 
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SCRAPS 
M1f1-yi) UN!TS -

Mi INCO{IJIING UNITS@ $Xi PER UNIT 

It 

PROCESS i 
Pi(yl) 

Mi' OUTGOING UNITS@ $Xi' PER UNIT 

VALUE ADDED 
DIRECT MATERIAL 
DIRECT LABOR 
OVERHEAU 

Figure.A-1. Technological process representation. 

It is important to note that the number of units entering a process nor­

mally will be greater than the number leaving the process. Hence, the capacity 

requirements of various processes may differ. This simple model assumes that 

flow is from one process to the next; no feedback of units. to an earlier stage 

is currently permitted. Therefore, for a given megawatt requirement, the proc­

essing requirements of each technological process can be determined and then 

the cost of processing a unit computed •. 

Once a description ot each technulugical proo&s& h1:1s heen made, the user 

ut the model wust specify the output requirements (megawatts), r.'he L~::chnologi­

cal processes to be used, and the electrical characteristics of the final solar 

cells (electrical characteristics will be dependent upon the processes used). 

ThP. model will then compute the cost of output requirements and provide detailed 

cost estimates on a process basis. Alternative strategi~::s can be cxplon!d. 

Also sensitivity of cost to various parameters can be sLudieJ by varying th~ 

individual parameters. 
I 

Once a small number of fea~:;ible altcrnaL.i.ves hR.vc been lielP-r.ted, a detailed 

financial analysis could be made of each alternative. This analysis could use 

a simulation approach in order to incorporate uncertainty rather than the de­

terministic approach utilized in the initial screening process in order to· es­

timate the risk involved in each alternative scheme. 

This model facilitates the analysis of alternative manufacturing approach1 

It is only a first approximation, however, whose primary purpose is to systemaL __ _ 
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the financial analysis and permit comparisons with current state-of-the-art 

cost estimates. This initial model will need enhancements to incorporate' some 

os all of the following items: 

(1) Multi-year analysis capability ~~ilizing di~counted cash flow 

(2) 

. t,~chniques.. . , . _. . .. . , 

Distribution of elect_rical _characteristics ,to represent the "quality" . . . ' ~ . ~ . . . . 

of individual proce,sse.s.: Thi_s -would be b_ased u~on the p.erforma;nce f 

appro.ach described in Quarterly Re~ort ,No~ 1 _(A-lj. 

(3) Synergistic effects of combining certain prq~es.ses. 

The sele~tion of .tho~je ~eature~ to be implement(!,d·will_ depend upon the 

ntimber of different process com~inations ~o be _a~alyzed a,n<;l the accuracr to 

which process parameters can be estimated. 

The cost estimates provided.-.by, the mod_el. includ~; ,:~t 

(1) Processing cost, expressed in $/W 
. ,:r , . 

(2) Floor area requirements for manufacturing area 

(3) Direct and indirect labor-personnel rec{~i.'~ed· 
. • ' ":J ~. '. ,. ' ·:. • • • : : : • • • ' 'J ··~ • \ ·: : : • 

(4). Mater:i~l and di~ect expe~se ~~r~ ... 

In order to' estimate. selling price·,~ wafer· cost, ·-factory investment, ·in­

terest and depreciation' on this·· investment~ ·and salaries ·of support personnel 

must be determined. (Support personnel includes administration, ·warehous·e per· 

sonnel~ finance; quality ·control, etc.) 
I 

That is, 

Wafer cost, $/W 

+Processing cost, $/W 

+ Heating, coo~in~, _lighting, $/W 

·+-Insurance.- $/W 

+ Factory interest & depreciation, $/W 

+Administrative & support salaries, $/W 

+ Profit·, $/W 

= Selling price, $/W 

. A-1. B. F. Williams, Automated Array Assembly, Quarterly Report No. 1, 
ERDA/JPL-954352/1, prepared under Contract No. 954352 for Jet Pro­
oulsions Laboratory, March 1976. 
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APPENDIX B - GLOSSARY OF TERMS 

A. GENERAL INPUT PARAMETERS· 

1. Gro~th profile - no·t used currently 

2. Shift 'prelniwn :... 2nd or 3rd ·shift bonus rate 

3. Depreciation method: SL = straightline; SYD = sum-of-t~-yea·r-digits 
/1. Interest rate on debt - interest rate on borrowed funds 

5. Debt ratio ..;. % of fixed assets financed by debt 

6. Sheet - 7 .8-cm (3.07)-diameter wafer 

7. Solar cell - a "sheet" after· elec·trical test 

8. Array 'module a 14.6 £t2· panel ·c.ontiaining 224 solar cells 

9. Purchased silicon cost,·$/W- not: useu.currcntly 

B. GENERAL INPUTS : INVESTMENT TYPE DEFINITIONS . 

1. Name investment name 

2. Type - process or. factory 
! ,,:. 

3. Availability - % of time investment is available for use. Remainder of 
time consists of preventive maintenance, unscheduled maintenance, or 
idle. time due to lack of availa.bility.of. related investmen~s 

4. . Cost - first cost + delivery charges + taxes + installation co.sts . 

5.· 

6. 

Buok life - ~!it:imated life for depreciation purposes 
2 Area - area, in ft.,, occupied by iny~stment and .. associated operators 

C • GENERAL INPUTS : LABOR TYPE DEFINITIONS 

1. Labor name - labor category 

2. 

3. 

4. 

5. 

Labor type - direct: 
production; indirect: 

Wage rate = $/hr base 

GPII - not used 

Fringe benefits -· cost 
wage raLe 

labor which varies directly with the level.of 
labor which is constant over a ra~ge of production 

pay 

of employee fringe benefits expres~ed as a % of 

6. Efficiency - ratio of labor required to actual labor (allows for rest 
periods, lunch periods, absences, etc.) 

·;:, .. ·. 
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D. GENERAL INPUTS: EXPENSE TYPF; DEFIN;£TIONS 

1. Expense name - material c;>r direct. expense name , 
' . . . - -

2. Type·- material: items_which become an integral" part of solar cell or 
array module; direct expense: .. itemS conslimeci' in cell or array manufac­
. ture which do not become . an integral part of . assembiy . . . . . ' 

., : . . . ·. ·3·· 
3. C~st .:.. (a) cost of item, _in $/em , $/gram, $/kwh (process expenses will 

be .expressed in units specified); (b) "spe~ified ·in$" if. process ex­
pense wili be expressed in $ 

4. ~alvage value - not used current~y 

E. PROCESS PARAMETERS 

1. Process -·group .of .. operations .associated with a specific technology step 

2. Subprocess - a group· of operations shared by one ·or more processes 

3. Input unit, output unit- ."sheet," "solar cell," or "array module" 

4. Transport In, Transport Out - method of transferring units into 
and out of the process area 

5. Process yield (''YIELD") - ratio of output units to input upits. This 
is a measure of physical flow, not process quality 

6. Input unit salvage value ("SALVAGE VALUE") - estimated recovery value 
of a scrapped input unit. At this moment, all values are zero 

... 
7. Production area floor space requirements- estimate of floor area 

needed, excluding area occupied by investments. "Floor space" is 
calculated using the "AREA ('SQ.FT .) " value_ .associated with the largest 
"INPUT UNITS" volume less than or equal to current production volume. 
The area associated with investments is added t.o this base area amo\mt 
to determine the "estimated floor area" of the process 

8. Description - brief process description 

9. Assumptions - list of assumptions made in preparing cost e·stimate 

10. Procedure -· deRcription of vrocess major steps 

11. Investments- (a) name: investment name, defined in B above;-· 
(b) maximum throughput units: throughput of investment (sheets/h, 
solar cell/h, or array module/h. Effective rate = maximum throughput 
x availability. (If both sides of an input wafer are to be processed 
separately, either adjust the throughput' rate or adjust the "fraction 
of input units processed" parameter.) (c) % input units processed: 
used to adjust input volume for rework and for processing both sides of 
a wafer separately. It may also be used for "rework only" investments 
to specify fraction of input units requiring rework. NOTE: If two 
or mor; different investments are part of a set, the effeotive through­
put rates must be the same. 
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12. 

13. 

Labor - (a) name: defined in C above; (b) labor requirements base: 
(1) investment name or (2) "f'ixed" ·- II persons/shift fixed (3) · "DL" - · 
base is II of direct labor persons; ( 4) "TL" - base is II fo labor persons 
associated with process ' (c) II of--persons/shift/base unit - ratio of per­
sons. of specified labor. type to. II. units of specif~ed base pr . (d) through­
put/h/person - II of. i"!lput unit,s .. per hour handled by specifj.ed .labor type 

' % input units processed -, . % of input unit.S .for WQiCh this ,t-ype of 
labor is required. If ~n input unit .is. processed more than once (both 
sides and/or rework), this factor may be greater than 100%. If only 

-reworked· units or units-passiug·some internal test are processed, 'this 
factor may be less than 100%. · 

11 t I hift = II input units/yr x % input units processed/100 
opera ors .s · throughput/h x II hours/year x efficiency 

Supplies/expenses - (a) name - see D above; (b) annual fixed part -
fixed part of expense (multiplied by II labor persons or investment ·un.i.ts · 
for labor or investment bases). Must be specified in same units as 
espense name •. (c) variable p~.r.t - units - variable part of expense; 
(d) base - (1) per input uni~, % input units processed (:l) -per. 
available irtvestment/hr of specifie~·investment 

$ Cost = (Arinual .fi~ed par~ + vari~ble part x base units) x 
($/unit) 

F. COST ANALYSIS: 
. •'; 

PROCESS AND OTHER COST ESTIMATES 
I~ • . : 

1. Ma.terial - material cost, $/W 
., 

2. D.L. - direct labor cost, including fringe benefits, $/W 

3. EXP. :... direc~ expen"se cost, $/~ 
·'· 

4. 

s. 
6. 

7. 

8. 

P .OR. - process overhead cost, $/W (indirect ·-labor· cost) 

IN±. - interest cost, $/~ 
I 

DEPR. - depreciatiou cost, $/W 

TOTALS - total of items 1-6, above 

INVEST -- inves.tment required, $/W· . 

G. C:OST ANALYSIS: MANUFACTURING SEQUENCE NAME 

1. Material, etc. - as in F above 

2. GALVC. - e~tjmated recovery value of scrap, $/W 
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